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ABSTRACT
THE ROLE OF GAP JUNCTIONS IN CONGENITAL
DISEASES OF THE HEART

by
Scott Henry Britz-Cimningham

Background. Gap junctions are thought to have a crucial role in the
synchronized contraction of the heart and in embryonic development.
Connexin43, the major protein of gap junctions in the heart, is targeted by
several protein kinases that regulate myocardial cell-cell coupling. We
hypothesized that mutations altering sites critical to this regulation would lead
to functional or developmental abnormalities of the heart.

Methods. Connexin43 DNA from 25 normal subjects and 30 children
with a variety of congenital heart diseases was amplified by the polymerase
chain reaction and sequenced. Mutant DNA was expressed in cell culture and
examined for its effect on the regulation of cell-cell communication.

Results. The 25 normal subjects and 23 of the 30 children with heart
disease had no amino acid substitutions in connexin43. All six children with
syndromes that included complex heart malformations had substitutions of one
or more phosphorylatable serine or threonine residues. Four of these children
had two independent mutations, suggesting an autosomal recessive disorder.
Five of these children had substitutions of proline for serine at position 364. A
seventh child, with a different heart condition, also had a point mutation in

seventh child, with a different heart condition, also had a point mutation in
connexin43. Transfected cells expressing the Ser364Pro mutant connexin43
sequence showed abnormalities in the regulation of cell-cell communication, as
compared with cells expressing normal connexin43.

Conclusions. Mutations in the connexin43 gap-junction gene, which
lead to abnormally regulated cell-cell communication, are associated with
visceroatrial heterotaxia.
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CHAPTER 1. BACKGROUND

A. General Properties of Connexm43 and Other Gap Junctions

1. Early Studies

In 1959, Furshpan and Potter reported a description of electrical
coupling in the giant motor synapse of the crayfish, with an impedance three to
four orders of magnitude less than the transmembrane resistance.1 This was a
seminal paper, in that it was the first evidence of direct contact-dependent
intercellular communication, although the structural basis of this coupling was
as yet unknown. A year later, Karrer published the first image of what is now
recognized as a gap junction — a "quintuple-layered interconnection" between
membranes closely apposed, but separated by a 2 nm gap — in human cervical
epithelium.2 Robertson subsequently noted that a similar interconnection in the
Mauthner cell synapse of goldfish brain consisted of a hexagonal lattice of
subunits, with a periodicity of 8-9 nm.3 An important advance took place in the
mid-1960's, when Kanno and Loewenstein demonstrated that a similar
structure in Drosophila salivary gland epithelium was permeable to small

furshpan EJ and Potter DD 1959. Transmission at the giant motor synapses of the crayfish. J.
Physiol, (bond) 145:289.
2Karrer HE 1960. Cell interconnections in normal human cervical epithelium. Biophys.
Biochem. Cytol. 7:181.
3JD Robertson 1963. The occurrence of a subunit pattern in the unit membranes of club
endings in Mauthner cell synapses in goldfish brains. J Cell Biol. 19:21.

3

4
molecules, permitting cells to transfer fluorescent dye to one another.4’5 This
established dye transfer as a simple and direct assay method for cell-cell
communication. In 1967, Revel and Karnovsky used an improved technique of
colloidal lanthanum hydroxide staining to outline the individual subunits of the
junctional lattice in mouse heart and liver. In reporting their results, they first
introduced the term "gap junction" into the literature.6
For the next dozen years, studies spoke of "the gap junctional protein",
although technical imperfections in the isolation of gap junction components
from cellular membranes led to discrepancies in the estimation of the molecular
weight of the principal component. In 1979, however, Zampighi and Unwin
reported two distinct electron-diffraction patterns from liver cell gap junctions,
which they correctly interpreted as implying the existence of at least two
components, each functionally distinct.7 In 1986, there appeared three
independent reports of the cloning and sequencing of the cDNA for the major
liver gap junction protein.8’9’10 A final landmark paper appeared in 1987,
when Beyer, Paul and Goodenough published the sequence of a second gap
junction protein found in rat heart.11 This established once and for all the
multiplicity of gap junction forms, and introduced a nomenclature, based on
4Kaimo Y, and Loewenstein WR 1964. Intercellular diffusion. Science 143:959.
5Kanno Y and Loewenstein WR 1966. Cytology: cell-cell passage of large molecules. Nature
212:629-30.
6Revel JP, Karnovsky MJ 1967. Hexagonal array of subunits in intercellular junctions of the
mouse heart and liver. J. Cell. Biol. 33:C7-C12.
7Zampighi G, Unwin PNT 1979. Two forms of isolated gap junctions. J Mol Biol. 135:451-64.
8Paul DL 1986. Molecular cloning of cDNA for rat liver gap junction protein. J. Cell Bio.
103:123-34.
9Kumar NM and Gilula NB 1986. Cloning and characterization of human and rat liver cDNAs
coding for a gap junction protein. J. Cell. Biol. 103:7 67-7 6.
10Heynkes R, Kozjek G, Traub O and Willecke K 1986. Identification of a rat liver cDNA and
mRNA coding for the 28 kDA gap junction protein. FEBS Letters 205:56-60.
11 Beyer EC, Paul DL, Goodenough DA 1987. Connexin43: a protein from rat heart homologous
to a gap junction protein from liver. J. Cell. Biol. 105:2621-9.
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deduced molecular weight, to denote any proteins still to be discovered. Thus,
the 43-kDa rat heart protein was termed "connexh^S", and the previously
cloned 32-kDa rat liver protein was termed ,,connexin32".

2. Structure and Topology

Using freeze-fracture electron microscopy, Chalcroft and Bullivant
showed in 1970 that the P-face (i.e., the half of the plasmalemmal bilayer
closest to the cytoplasm) of liver cell gap junctions contains hexagonal clusters
of particles 8-9 nm in diameter, which show a one-to-one correspondence with
2-3 nm depressions on the E face (i.e., the half of the plasmalemmal bilayer
closest to the extracellular space).12 Subsequent X-ray diffraction studies13
showed that gap junctions consist of hexameric arrays of subunits, with a
1.5-2 nm pore through the center, thus forming a hemichannel, termed a
"connexon". Connexons from apposed cell membranes are joined with each
other, forming a continuous dodecameric channel uniting the cytoplasm of both
cells. Recently, Hoh et al. used atomic force microscopy to measure the centerto-center spacing between hexamers as 9.4 nm, and to show that each hexamer
protrudes 1.4 nm beyond the surface of the extracellular membrane.15

12Chalcroft JP and Bullivant S 1970. An interpretation of liver cell membrane and junction
structure based on observations of freeze-fracture replicas of both sides of the fracture. J.
Cell. Biol. 47:49-60.
13Caspar DLD, Goodenough DA, Makowski L. Phillips WV 1977. Gap junction structures. I.
Correlated electron microscopy and x-ray diffraction. J. Cell Bio. 74:605-28.
14Makowski L. Caspar DLD, Phillips WC, and Goodenough DA 1977. Gap junction structures.
II. Analysis of the x-ray diffraction data. J. Cell. Biol. 74:629-45.
15Hoh JH, Sosinsky GE, Revel J-P and Hansma PK 1993. Structure of the extracellular surface
of the gap junction by atomic force microscopy. Biophys. J. 65(l):149-63.
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High-resolution X-ray diffraction analysis has so far failed to give a
definitive picture of the secondary and tertiary structure of any gap junction
protein,16 or of the orientation of the protein with respect to the membrane.
Present knowledge rests for the most part on indirect evidence. As a starting
point, hydropathy analysis of all known gap junction sequences predicts the
existence of four hydrophobic domains, which are presumed to represent four
passes through the cellular membrane. Antibodies to peptides corresponding to
the amino and carboxyl termini of connexins 32 and 43 have been shown to
label gap junctions in situ and in intact preparations.17’18’19’20 Since antibodies
are excluded from the 2 nm inter-membrane gap, the two termini cure most
likely situated on the cytoplasmic side of the membrane. A complementary
approach uses proteolysis (e.g., with endoproteinase Lys-C, which can access
the junction only from the cytoplasmic side), followed by immunoblotting or
micro sequencing of the resulting fragments.21’22 Splitting of junctions with
hyperosmotic urea, alkali or sucrose has also been used to gain access to the

16 Yeager M 1995. Electron microscopic image analysis of cardiac gap junction membrane
crystals. Microsc. Res. Tech. 31:452-66.
17Zimmer DB, Green CR, Evans WH, Gilula NB 1987. Topological analysis of the major protein
in isolated rat liver gap junctions and gap junctio-derived single membrane structures. J.
Biol chem. 262:7751-63.
18Milks C, Kumar NM, Houghten R, Unwin N, and Gilula NB 1988. Topology of the 32-kd liver
gap junction protein determined by site-directed antibody localizations. EMBO J. 7(1):296775.
^Yancey SB, John SA, Lai R, Austin BJ, and Revel J-P 1989. The 43-kD polypeptide of
heart gap junctions: immunolocalization, topology, and functional domains. J. Cell. Biol.
108(6):2241-54.
^Hertzberg EL, Disher RM, Tiller AA, Zhou Y, and Cook RG. J. Biol. Chem.
263(3 5):19105-11.
21 Yancey SB, John SA, Lai R, Austin BJ, and Revel J-P 1989. The 43-kD polypeptide of
heart gap junctions: immunolocalization, topology, and functional domains. J. Cell. Biol.
108(6):2241-54.
22Rahman S, and Evans WH 1992. Topography of connexin32 in rat liver gap junctions.
Evidence for an intramolecular disulphide linkage connecting the two extracellular peptide
loops. J. Cell. Sci. 100(Pt 3):567-78.
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extracellular side of the hemijunction.23*24’25 All reports consistently indicate
that the four hydrophobic domains do indeed occupy protected sites within the
membrane; that the amino and carboxyl termini are cytoplasmic; that the loop
connecting transmembrane domains 2 and 3 is cytoplasmic; and that the loops
connecting transmembrane domains 1 and 2 or 3 and 4 are extracellular.
These conclusions are also consistent with estimates of alpha-helical content of
60% and of 40-50% based on X-ray diffraction26 and circular dichroism.27
The forces uniting two hexamers into a dodecamer are sufficiently strong
that cellular disaggregation typically results in ripping out one side of a gap
junction, along with its associated membrane, rather than in separation of the
hexamers.28 Although three cysteine residues are present in each of the
putative extracellular loop domains of all known connexins, these appear to
participate in the formation of only intramolecular disulphide bonds.29 Thus,
the interactions within the dodecamer may be entirely noncovalent. The forces
aggregating connexons into gap junctional plaques are also poorly
characterized; however, Braun et al. used statisical-mechanical analysis of a
^Yancey SB, John SA, Lai R, Austin BJ, and Revel J-P 1989. The 43-kD polypeptide of
heart gap junctions: hnmunolocalization, topology, and functional domains. J. Cell. Biol.
108(6):2241-54.
^Goodenough DA, Paul DL, Jesaitis L 1988. Topological distribution of two connexinS2
antigenic sites in intact and split rodent hepatocyte gap junctions. J. Cell Biol. 107:181724.
25 Laird DW, and Revel J-P 1990. Biochemical and immunochemical analysis of the arrangement
of connexin43 in rat heart gap junction membranes. J. Cell. Sci. 97(Pt 1):109-17.
26Tibbitts TT, Caspar DL, Phillips WC, and Goodenough DA 1990. Diffraction diagnosis of
protein folding in gap junction connexons. Biophys. J. 57(5):1025-36.
27Cascio M, Gogol E. and Wallace BA 1990. The secondary structure of gap junctions. Influence
of isolation methods and proteolysis. J. Biol. Chem. 265(4):2358-64.
28 Severs NJ, Slade AM, Powell T, Twist VW, and Green CR 1990. Integrity of the dissociated
adult cardiac myocyte: gap junction tearing and the mechanism of plasma membrane
resealing. J. Muscle Res. Cell. Motil. 11(2):154-66.
^Rahman S, and Evans WH 1992. Topography of connexin32 in rat liver gap junctions. Evidence
for an intramolecular disulphide linkage connecting the two extracellular peptide loops. J.
Cell. Sci. 100(Pt 3):567-78.
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freeze-fracture electron micrograph to suggest that the aggregates are
maintained not by attractive forces between pairs of connexons, but more

likely

by minimization of repulsive forces between apposed cell membranes.30

3. Diversity

The gap junction proteins constitute an extensive family. Multiple
representatives have been identified in every vertebrate species which has
been examined, and the high degree of homology among these suggests that the
entire set may have arisen from a series of duplications of a single ancestral
gene- At present, 13 prototypical sequences have been identified in the murine
genome. As a rule, sequence homology is better conserved vertically (i.e.,
between species) than horizontally (between prototypes within a single species).
This, too, suggests that the gene duplication which gave rise to the set is quite
ancient, very likely antedating the appearance of the chordate phylum by a
substantial interval.
Within a given individual, each connexin prototype has a very specific
tissue distribution. To some extent, this distribution may be conserved between
species, but important exceptions occur, as will be noted below. The several
prototypes differ considerably in their physical and functional properties, and it
is tacitly assumed by many investigators that each tissue expresses those
connexins which most appropriately fit their required physiological role.

30Braun J, Abney JR, and Owicki JC 1984. How a gap junction maintains its structure. Nature
310(5975):316-8.
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4. Connexms Cited in the Present Study

a. Connexm26. This connexin was cloned after low-stringency
hybridization of a rat liver cDNA library with a rat connexin32 cDNA probe.
Its mRNA contains a 678 bp open reading frame, encoding a 226 amino acid
protein, which is expressed in liver, kidney, intestine, lung, spleen, stomach,
testes, skin and brain (leptomeninges and pineal gland). It has little or no
demonstrable expression in heart or skeletal muscle.31’32 Connexins 26 and 32
are co-expressed in hepatocytes.

b. ConnexinS2. This liver gap junction protein was the first to be
purified from intact gap junctions. It was also the first to be cloned and
sequenced.33’34’35 Early studies refer to it as the 28 kDa gap junction protein,
as polyacrylamide gel electrophoresis tended to underestimate its molecular
weight. Its mRNA codes for a protein with a derived molecular weight of
32 kDa. Many of the earliest functional and structural studies were based on
this connexin, and in that sense it may be regarded as prototypical for the rest
of the family. As will be discussed below, however, the regulatory properties
of connexin32 differ significantly from many other connexins, including those
31 Zhang JT, and Nicholson BJ 1989. Sequence and tissue distribution of a second protein of
hepatic jap junctions, Cx26, as deduced from its cDNA. J. Cell. Biol. 109(6 Pt 2):3391401.
32Traub O, Look J, Dermietzel R, Brummer F, Hulser D, Willecke K 1989. Comparative
characterization of the 21-kD and 26-kD gap junction proteins in murine liver and cultured
hepatocytes. J. Cell Biol. 108:1039-51.
33Paul DL 1986. Molecular cloning of cDNA for rat liver gap junction protein. J. Cell Bio.
103:123-34.
34Kumar NM and Gilula NB 1986. Cloning and characterization of human and rat liver cDNAs
coding for a gap junction protein. J. Cell. Biol. 103:7 67-7 6.
35Heynkes R, Kozjek G, Traub O and Willecke K 1986. Identification of a rat liver cDNA and
mRNA coding for the 28 kDA gap junction protein. FEBS Letters 205:56-60.
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connexins heretofore identified in heart. Northern blots have detected
connexin32 in liver, brain, stomach, kidney, spleen, intestine, testis, lung,
exocrine pancreas and lens epithehum.

c. Connexin3 7. This connexin was first identified by low-stringency
screening of a mouse cDNA library.36 A single 1.7 kb mRNA transcript
encodes a predicted protein product of 333 amino acids. Expression is
particularly high in mouse lung, but is also seen in brain, kidney, skin, spleen,
liver, intestine, and heart. Embryonic levels in brain, kidney and skin are
2-5 times higher than in the adult. In Xenopus oocytes, connexin37 shows more
sensitive and rapid voltage gating than previously examined gap junctions.
Human connexin3 7 was cloned using a combination of PCR and lowstringency cDNA library screening.37 As for mouse, an open reading frame
encodes a predicted protein product of 333 amino acids. The tissue distribution
of this mRNA differs somewhat from that reported for mouse, with abundance
greatest in heart, uterus, ovary and vascular endothelium. Voltage-clamping of
transfected N2A cells expressing human connexin37 shows multiple
conductance levels, and a marked voltage dependence like that observed with
murine connexin3 7.

36 Willecke K, Heynkes R, Dahl E, Stutenkemper R, Heimemann H, Jungbluth S, Suchyna T,
and Nicholson BJ 1991. Mouse connexin 37: cloning and functional expression of a gap
junction gene highly expressed in lung. J. Cell. Biol. 114(5):1049-57.
37Reed KE, Westphale EM, Larson DM, Wang HZ, Veenstra RD, and Beyer EC 1993. Molecular
cloning and functional expression of human connexin37, an endothelial cell gap junction
protein. J. Clin. Invest. 91(3):997-1004.
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d. Coimexin40. Connexin40, an apparent homologue of chick
connexin42, was first cloned using a combination of low-stringency
hybridization of a rat cDNA library, and PCR of rat genomic DNA with
degenerate primers.38 It is translated as a product of 356 amino acids, which is
expressed in lung, heart, uterus, ovary, and blood vessels - particularly in the
endothelium of muscular and elastic arteries.39 The 3.5-kb murine connexin40
transcript encodes a slightly larger product of 358 amino acids.40 This is
expressed in adult lung, at a level 16-fold greater than in adult heart. In the
mouse embryo, connexin40 is expressed at levels 2-4 times greater than adult
levels in kidney, liver and skin.
In an artificial expression system in Xenopus oocytes, electrophysiologic
measurements show that connexin40 conductance is highly voltage-dependent,
with a fast, symmetrical and cooperative response to changes in transjunctional
voltage. In such a system, connexin40 has been observed to couple well to
connexin37, but not to connexin43.41

e. Connexin4 2. This connexin, an apparent homologue of connexin40,
was cloned through low stringency hybridization of a chick embryo cDNA
library with a rat Cx43 cDNA probe. A single copy gene, it is abundantly
38Beyer EC, Reed KE, Westphale EM, Ranter HL, and Larson DM 1992. Molecular cloning and
expression of rat connexin40, a gap junction protein expressed in vascular smooth muscle. J.
Membr. Biol. 127(l):69-76.
^Bruzzone R, Haefliger JA, Gimlich RL, and Paul DL 1993. Connexin40, a component of gap
junctions in vascular endothelium, is restricted in its ability to interact with other connexins.
Mol. Biol. CeU4(l):7-20.
40Hennemann H, Suchyna T, Lichtenberg-Frate H, Jungbluth S, Dahl E, Schwarz J, Nicholson
BJ, and Willecke K 1992. Molecular cloning and functional expression of mouse connexin40,
a second gap junction gene preferentially expressed in lung. J. Cell. Biol. 117(6):1299-310.
41Bruzzone R, Haefliger JA, Gimlich RL, and Paul DL 1993. Connexin40, a component of gap
junctions in vascular endothelium, is restricted in its ability to interact with other connexins.
Mol. Biol. Cell 4(l):7-20.
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expressed in embryonic and adult heart, with no more than a twofold variation
in levels.42

f. Connexin43. This connexin was cloned after low stringency
hybridization of a rat heart cDNA library with a Cx32 cDNA probe.43 Its 3.0 kb
transcript was found to encode a 382 amino acid protein, which was expressed
at high levels in rat heart, ovary, uterus, kidney, and lens epithelium.
Antibodies to the connexin43 peptide sequence SALGKLLDKVQAY were
subsequently shown to stain whole heart fractions from a number of species,
including trout, frog, chicken, guinea pig, mouse and rat.44 These antibodies
also cross-reacted with proteins in rat/mouse liver (32 and 22 kDa); rat
cerebellum (41 kDa); rat uterus, stomach and kidney (43 kDa); and rat lens
(46 and 70 kDa). The human homologue was cloned by low-stringency
hybridization of a human fetal cardiac cDNA library;45 like rat connexin43, the
human cDNA encodes 382 amino acids. The human genome also contains a
highly homologous sequence on a separate chromosome, apparently
representing a processed pseudogene.46 While lacking an intron or identifiable
promoter, this sequence contains a TATA box, raising the possibility that it may
be expressed, albeit at low levels. Subsequent studies, using Northern analysis
42 Beyer EC 1990. Molecular cloning and developmental expression of two chick embryo gap
junction proteins. J. Biol. Chem. 265(24):14439-43.
43Beyer EC, Paul DL, and Goodenough DA 1987. Connexin43: a protein from rat heart
homologous to a gap junction protein from liver. J. Cell. Biol. 105(6 Pt l):2621-9.
^Dupont E, el Aoumari A, Roustiau-Severe S, Briand JP,and Gros D 1988. Immunological
characterization of rat cardiac gap junctions: presence of common antigenic determinants in
heart of other vertebrate species and in various organs. J. Membr. Biol. 104(2):119-28.
45Fishman GI, Spray DC, and Leinwand LA 1990. Molecular characterization and functional
expression of the human cardiac gap junction channel. J. Cell. Biol. 111(2):589-98.
46Fishman GI, Eddy RL, Shows TN, Rosenthal L and Leinwand LA, 1992. The human connexin
gene family of gap junction proteins have distinct chromosomal locations but similar
structrues. Genomics 10:250-356.
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or immunostaining with anti-connexin43 antibodies or antisera, have
demonstrated substantial connexin43 expression in heart, kidney, brain, ovary
(stratum granule sum and theca externa), uterine smooth muscle, lens and
corneal epithehum, clonal embryonic fibroblastic lines, renal tubular
epithelium and osteoblastic cell lines.47’48’49 Connexin43 has similarly been
shown to be expressed abundantly in arterial smooth muscle and endothelial
cells of mouse, rat, pig, cow and man.50*51*52

S- Connexin4 5. This connexin was cloned simultaneously with chick
connexin4 2, using low stringency hybridization. Like connexin4 2, it is
abundantly expressed in chick heart; however, it is primarily an embryonic
connexin in that organ, showing a 90% drop in detectable mRNA levels
between embryonic day 6 and adult.53 In mouse, a single 2.2 kb transcript
encodes a protein of 396 amino acids, which is expressed in lung, brain, skin,
heart and intestine.54 Expression in embryonic brain, skin and kidney is forty

47Larson DM, Haudenschild CC, Beyer EC 1988. Vessel wall cells express mRNA for the
connexin43 gap junction protein. J. Cell Biol. 107:556a (Abstract).
48Beyer EC, Kistler J, Paul DL, and Goodenough DA 1989. Antisera directed against
connexin43 peptides react with a 43-kD protein localized to gap junctions in myocardium
and other tissues. J. Cell. Biol. 108(2:595-605.
^Steinberg TH, Civitelli R, Geist ST, Robertson AJ, Hick E, Veenstra RD, Wang HZ, Warlow
PM, Westphale EM, Laing JG et al. 1994. Connexin43 and connexin45 form gap junctions
with different molecular permeabilities in osteoblastic cells. EMBO J. 13(4):744-50.
50Lash JA, Critser ES, and Pressler ML 1990. Cloning of a gap junctional protein from vascular
smooth muscle and expression in two-cell mouse embryos. J. Biol. Chem. 265(22):13113-7.
51 Larson DM, Haudenschild CC, and Beyer EC 1990. Gap junction messenger RNA expression
by vascular wall cells. Circ. Res. 66(4):1074-80.
52Bruzzone R, Haefliger JA, Gimlich RL, and Paul DL 1993. Connexin40, a component of gap
junctions in vascular endothehum, is restricted in its ability to interact with other connexins.
Mol. Biol. Cell 4(1 ):7-20.
53 Beyer EC 1990. Molecular cloning and developmental expression of two chick embryo gap
junction proteins. J. Biol. Chem. 265(24):14439-43.
54Hennemann H, Schwarz HJ, and Willecke K 1992. Characterization of gap junction genes
expressed in F9 embryonic carcinoma cells: molecular cloning of mouse connexin31 and -45
cDNAs. Eur. J. Cell. Biol. 57(l):51-8.

14
times higher than in adult tissues. Very strong expression is seen, however, in
adult lung.

5. Connexin Gene Location and Structure
At present, connexin32 is the best-characterized connexin with respect
to gene structure. In rat, it contains a 6.1 kb intron located within the 51
untranslated region, with no introns within the coding region itself.55 Multiple
transcription start sites have been identified, and sequences corresponding to
cAMP response elements are located just upstream of these sites, as well as in
the 3' end of the intron. In mouse, a 680 bp fragment upstream of the
transcription start point has been shown to contain two binding sites for the
transcription factor HNF-1, as well as an NF-1 site and an NFkappaB site.56
Exon 1 is preceded by a TATA-less promoter region. Connexin26 has a similar
structure, including a single intron in the 5'UTR, with a TATA-less promoter
region preceding two alternative transcription start points.57 Within the last
600 bp of this promoter are found sequences corresponding to a metal response
element, an NFkappaB site, and several GC boxes. Rat, murine, and human
connexin43 also contain a single intron located within the 5' untranslated

55Miller T, Dahl G, and Werner R 1988. Structure of a gap junction gene: rat connexin-32.
Biosci. Rep. 8(5):455-64.
56Hennemann H, Kozjek G, Dahl E, Nicholson B, and Willecke K 1992. Molecular cloning of
mouse connexins 26 and -32: similar genomic organization but distinct promoter sequences
of two gap junction genes. Eur. J. Cell. Biol. 58(l):81-9.
57Hennemann H, Kozjek G, Dahl E, Nicholson B, and Willecke K 1992. Molecular cloning of
mouse connexins 26 and -32: similar genomic organization but distinct promoter sequences
of two gap junction genes. Eur. J. Cell. Biol. 58(l):81-9.
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region. 58,59,60 In mouse, a single transcription start point has been identified
using RNAse protection and primer extension assays.61 The 10.5 kb long intron
is preceded by a promoter region containing an AP1 binding site and a
degenerate TATA box located just upstream of the transcription start point.
Recurrent features in many of the connexin family are (1) the presence
of an intron within the 5' untranslated region, which has been noted in
connexins 32, 43 and 26, as well as several others;62 (2) the absence of introns
within the coding region; and (3) unusually high inter-species conservation of
the proximal 300 base pairs of the 3' UTR (although there is essentially no
homology in this region between different connexins — even those with close
homologies within the coding region).
Table 1 summarizes the assigned chromosomal locations of several
mapped connexins.

58Beyer EC, Paul DL, and Goodenough DA 1987. Connexm43: a protein from rat heart
homologous to a gap junction protein from liver. J. Cell. Biol. 105(6 Pt l):2621-9.
® Sullivan R, Ruangvoravat C, Joo D, Morgan J, Wang BL, Wang XK, and Lo CW, 1993.
Structure, sequence and expression of the mouse Cx43 gene encoding connexin43. Gene
130(2):191-9.
^Fishman GI, Spray DC, Leinwand LA, 1990. Molecular characterization and functional
expression of the human cardiac gap junction channel. J. Cell Biol 111:589-98.
61 Sullivan R, Ruangvoravat C, Joo D, Morgan J, Wang BL, Wang XK, and Lo CW, 1993.
Structure, sequence and expression of the mouse Cx43 gene encoding conn exin 4 3. Gene
130(2):191-9.
62Willecke K, Hennemann H, Dahl E, Jungbluth S, Heynkes R 1991. The diversity of connexin
genes encoding gap junctional proteins. Eur. J. Cell. Biol. 56(l):l-7.
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Table 1. Chromosomal Locations of Mapped Connexins
Connexin

Mouse

31
31.1

4 (close to Cx31.1 /Cx30.3)b’c
4 (3.4kb from Cx30.3)b^c
4 (3.4kb from Cx31.1)hc

30.3
37

Man

4C

26

10a-c
XD F4a c
14a»c

6p21.1-q24.1a
Xcen-q22a
13 (close to Cx46)a

46

14a’c

13 (close to Cx26)a

43

32

References to Table 1:
aHsieh CL, Kumar NM, Gilula NB, and Francke U 1991. Distribution of genes for gap
junction membrane channel proteins on human and mouse chromosomes. Somat. Cell. Mol.
Genet. 17(2):191-200.
^Hennemann H, Dahl E, White JB, Schwarz HJ, Lalley PA, Chang S, Nicholson BJ, and
Willecke K 1992. Two gap junction genes, connexin 31.1 and 30.3, are closely linked on
mouse chromosome 4 and preferentially expressed in skin. J. Biol. Chem. 267(24):17225-33.
cSchwarz HJ, Chang YS, Hennemann H, Dahl E, LaUey PA and Willecke K 1992.
Chromosomal assignments of mouse connexin genes, coding for gap junctional proteins, by
somatic cell hybridization. Somat. Cell. Mol. Genet. 18(4):351-9.

6. Physical Properties

As described above, the earliest electron micrographs of gap junctions
revealed a repeating hexameric structure, enclosing a channel-like space
estimated to be 2 nm in diameter. It is not surprising, then, that the observed
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properties of the gap junction are those of a regulated channel. Almost two
decades ago, Simpson et al. were able to demonstrate relatively non-specific
junctional diffusion of molecules up to a size limit of 1000 daltons.63 This
property had been the basis of still earlier use of fluorescent dyes, such as
Lucifer yellow (Mr = 457) and 6-carboxyfluorescein (Mr = 376), as markers for
cell-cell communication. Such dye transfer assays are still in routine use, and
are perhaps the best physiological approximation to the putative function of
gap junctions as conduits for the transfer of metabolites, second messengers, or
morphogenic molecules (see below).

a. Junctional and Unitary Electrical Conductance. The goal of
precisely quantifying channel behavior led Spray, Harris and Bennett to
introduce the technique of dual-electrode, whole-cell, voltage clamping to
measure junc-tional conductance. 6465 This led to the development of an
extensive body of observations, based not on free diffusion of organic
molecules, but on the flow of small ions. While these phenomena may be
directly relevant to excitable tissues, it is not at all clear what they represent
in terms of the physical structure, conformation, or physiological role of gap
junctions elsewhere. That connexin protein was responsible for the observed
ionic conductance was shown by Hertzberg et al., who observed that affinity
purified anti-connexin3 2 antibody could block electrotonic coupling within

^ Simpson I, Rose B and Loewenstein WR 1977. Size limit of molecules permeating the
junctional membrane channels. Science 195:294-6.
64 Spray DC, Harris AL, Bennett MVL 1981. Equilibrium properties of a voltage-dependent
junctional conductance. J. Gen. Physiol. 77:77-93.
65Harris AL, Spray DC, Bennett MVL 1981. Kinetic properties of a voltage-dependent
junctional conductance. J. Gen. Physiol. 77:95-117.

18
seconds,66 and by Young et al., who demonstrated that purified connexin32
protein, reconstituted in artificial bilayers, had electrotonic properties similar to
those of intact gap junctions.67 The application of improved voltage-clamping
techniques led to the measurement of small quantum fluctuations in junctional
conductance, which have been termed "unitary" or "single-channel"
conductances, and are more or less characteristic for each connexin species
(summarized in Table 2). These values are frequently treated in the literature
as though representing the true physical conductance of a single dodecameric
connexin channel, or integral multiples thereof, and transitions between
unitary conductance values are taken to represent transitions between
molecular conformations, either at the level of individual monomers, or of the
dodecamer itself. However, this interpretation, though attractive in its
simplicity, has yet to be experimentally verified. The theoretical relationship
between macroscopic (junctional) conductance, Gj, and unitary conductance
has been described as

Gj = N x P0 x Yj

where N is the number of active channels in the junction, PQ is the mean openstate probability, and Yj is the unitary conductance.68

66Hertzberg EL, Spray DC and Bennett MVL 1985. Reduction of gap junctional conductance by
microinjection of antibodies against the 27-kDa liver gap junction polypeptide. Proc. Natl.
Acad. Sci USA 82:2412-6.
67 Young JD, Cohn ZA, Gilula NB 1987. Functional assembly of gap junction conductance in
lipid bilayers: demonstration that the major 27 kd protein forms the junctional channel.
Cell 48:733-43.
68Veenstra RD, and DeHaan RL 1988. Cardiac gap junction channel activity in embryonic chick
ventricle cells. Am. J. Physiol. 254(1 Pt 2):H 170-80.
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Connexin32 has been reported to have a predominant unitary
conductance of 120-130 picosiemens.69 Embryonic chick connexin42 shows a
wide range of unitary conductances in a series of integral multiples at 40, 80,
120, 160, 200 and 240 picosiemens, with 160 picosiemens representing the
predominant value.70’71’72’73 This series has been proposed to represent either
cooperative opening of 40 pS channels, a 240 pS channel with five substates,
or the presence of six different channel types, each with its own
conductance.74 For connexin43, values in the range of 43-70 picosiemens have
predominated in most preparations, with a minor component at 90-100
picosiemens occasionally being observed.75’76’77’78’79’80 In cultured neonatal rat
heart cells, Burt and Spray estimated the mean duration of a connexin43 openchannel event as 0.95 sec, with a probability of 0.17 of any given channel
69Moreno AP, Eghbali B, and Spray DC 1991. Connexin32 gap junction channels in stably
transfected cells: unitary conductance. Biophys. J. 60(5):1254-66.
70Veenstra RD, Wang HZ, Westphale EM, and Beyer EC. Multiple connexins confer distinct
regulatory and conductance properties of gap junctions in developing heart. Circ. Res.
71(5):1277-83.
71 Veenstra RD, and DeHaan RL 1988. Cardiac gap junction channel activity in embryonic chick
ventricle cells. Am. J. Physiol. 254(1 Pt 2):H170-80.
72Chen HY, and DeHaan RL 1992. Multiple-channel conductance states and voltage regulation
of embryonic chick cardiac gap junctions. J. Membr. Biol. 127(2):95-111.
73Chen YH and DeHaan RL 1993. Temperature dependence of embryonic cardiac gap junction
conductance and channel kinetics. J. Membr. Biol. 136(2):125-34.
74Chen HY, and DeHaan RL 1992. Multiple-channel conductance states and voltage regulation
of embryonic chick cardiac gap junctions. J. Membr. Biol. 127(2):95-l 11.
75 Spray DC, and Burt JM 1990. Structure-activity relations of the cardiac gap junction channel.
Am. J. Physiol. 258(2 Pt l):C195-205.
76Burt JM, and Spray DC 1988. Single-channel events and gating behavior of the cardiac gap
junction channel. Proc. Natl. Acad. Sci. USA 85(10):3431-4.
77 Cook MB, van Ginneken AC, de Jonge B, el Aoumari A, Gros D, and Jongsma HJ 1992.
Differences in gap junction channels between cardiac myocytes, fibroblasts, and
heterologous pairs. Am. J. Physiol. 263(5 Part l):C959-77.
78Moreno AP, Saez JC, Fishman GI, and Spray DC 1994. Human connexin43 gap junction
channels. Regulation of unitary conductances by phosphorylation. Circ. Research
74(6):1050-7.
^Fishman GI, Spray DC, and Leinwand LA 1990. Molecular characterization and functional
expression of the human cardiac gap junction channel. J. Cell. Biol. 111(2):589-98.
80Fishman GI, Moreno AP, Spray DC, and Leinwand LA 1991. Functional analysis of human
cardiac gap junction channel mutants. Proc. Natl. Acad. Sci. USA 88(9):3525-9.
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being open at any given time.81 Veenstra and DeHaan observed a 285microsecond transition time from closed to open state in connexin42 channels in
embryonic chick ventricle cells.82

b. Modulating Factors. A number of variables have been shown to
have a marked effect on conductance across gap junctions. Early studies
showed that connexin32 conductance is significantly voltage-dependent,83 »84
but that of connexins43 and 42 proved to be much less so.85 In chick heart
cells, decreased temperature has been shown to decrease the frequency of
channel opening events at all conductance levels, and also to favor lower
conductance states.86 It is unclear, however, whether this is due to changes in
membrane fluidity, channel conformation, or the activity of regulatory
enzymes.87 Changes in cellular phosphorylation activity have also been
associated with altered unitary conductance of connexin43 (see “Functional
Studies” below).

Junctional conductance has also been consistently noted to

be decreased by cytoplasmic acidification, and by treatment with arachidonic
acid, halothane and other anesthetic agents, carbon dioxide and straight-chain

81 Burt JM, and Spray DC 1988. Single-channel events and gating behavior of the cardiac gap
junction channel. Proc. Natl. Acad. Sci. USA 85(10):3431-4.
82 Veenstra RD, and DeHaan RL 1988. Cardiac gap junction channel activity in embryonic chick
ventricle cells. Am. J. Physiol. 254(1 Pt 2):H170-80.
83 Spray DC, Harris AL, Bennett MVL 1981. Equilibrium properties of a voltage-dependent
junctional conductance. J. Gen. Physiol. 77:77-93.
84Harris AL, Spray DC, Bennett MVL 1981. Kinetic properties of a voltage-dependent
junctional conductance. J. Gen. Physiol. 77:95-117.
83 Veenstra RD, and DeHaan RL 1988. Cardiac gap junction channel activity in embryonic chick
ventricle cells. Am. J. Physiol. 254(1 Pt 2):H 170-80.
86 Chen YH and DeHaan RL 1993. Temperature dependence of embryonic cardiac gap junction
conductance and channel kinetics. J. Membr. Biol. 136(2):125-34.
87Bukauskas FF and Weingart R 1993. Temperature dependence of gap junction properties in
neonatal rat heart cells. Pflugers Arch. 423(1-2): 133-9.
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alcohols such as n-heptanol and n-octanol.88 With the exception of arachidonic
acid, however, it is doubtful whether any of this group of agents has any true
physiological regulatory significance.

c. Mutagenesis Studies. Site-directed mutagenesis has been used
frequently in attempts to determine which connexin domains are primarily
responsible for the physical properties discussed above. Serine substitution at
any of the six cysteine residues present in the extracellular loop of all known
connexins prevents channel formation.89 A truncation mutant of connexin43,
made to resemble connexinS2 by the deletion of 125 amino acids in the
carboxyl tail, is less sensitive to decreases in pH than wild-type connexin43, as
is connexin32.90 Truncation of the 382-residue connexin43 protein by deletion
of 161 carboxyl-terminal amino acids abolished conductance, although
junctional structures were still formed in the membrane;91 however, deletion of
13 8 or fewer amino acids is compatible with formation of functional
channels.92’93 Dunham et aL found a gradual reduction in junctional

88 Spray DC, and Burt JM 1990. Structure-activity relations of the cardiac gap junction channel.
Am. J. Physiol. 258(2 Pt l):C195-205.
89Dahl, G, Werner R, Levine E, and Rabadan-Diehl C 1992. Mutational analysis of gap junction
formation. Biophys. J. 62(l):172-80.
^Liu S, Taffet S, Stoner L, Delmar M, Vallano ML, and Jalife J 1993. A structural hasis for the
unequal sensitivity of the major cardiac and liver gap junctions to intracellular acidification:
the carboxyl tail length. Biophys. J. 64(5):1422-33.
91 Dunham B, Liu S, Taffet S, Trabka-Jank E, Delmar M, Petryshyn R, Zheng S, Perzova R, and
Vallano ML 1992. Immunolocalization and expression of functional and nonfunctional cell-tocell channels from wild-type and mutant rat heart connexin43 cDNA. Circ. Res. 70(6):123343.
92 Lash JA, Critser ES, and Pressler ML 1990. Cloning of a gap junctional protein from vascular
smooth muscle and expression in two-cell mouse embryos. J. Biol. Chem. 265(22):13113-7.
^Fishman GI, Moreno AP, Spray DC, and Leinwand LA 1991. Functional analysis of human
cardiac gap junction channel mutants. Proc. Natl. Acad. Sci. USA 88(9):3525-9.
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conductance among a set of progressively shorter truncation mutants.94
Connexin43 truncation also appears to alter unitary conductance: Fishman et
al. found that an 80 amino acid deletion resulted in a predominant
conductance of 160 picosiemens, compared to conductances of 60 and
100 picosiemens for wild-type connexin43; deletion of 138 amino acids gave a
conductance of 50 picosiemens.95

7. Roles in Development

Electrotonic coupling has long been reported in both vertebrate and
invertebrate embryos, including starfish,96 squid,97 Fundulus,96 Triturns 99
Xenopus10® and chick, 101 although in some reports it is unclear whether the
coupling observed is due to channels of gap-junction size, or to cytoplasmic
bridges, which are commonly noted after incomplete cytokinesis.102 Rabbit

^Dunham B, Liu S, Taffet S, Trabka-Jank E, Debnar M, Petryshyn R, Zheng S, Perzova R, and
Vallano ML 1992. Immunolocalization and expression of functional and nonfunctional cell-tocell channels from wild-type and mutant rat heart connexin43 cDNA. Circ. Res. 70(6):123343.
^Fishman GI, Moreno AP, Spray DC, and Lein wand LA 1991. Functional analysis of human
cardiac gap junction channel mutants. Proc. Natl. Acad. Sci. USA 88(9):3525-9.
96Ashman RF, Kanno Y, and Loewenstein WR, 1964. The formation of a high resistance barrier
in a dividing cell. Science 145:604-605.
^Potter DD, Furshpan EJ, and Lennox ES, 1966. Connections between cells of the developing
squid as revealed by electrophysiological methods. Proc. Nat. Acad. Sci. USA 55:328-335.
98Bennett, MVL and Trinkaus JP, 1970. Electrical coupling between embryonic cells by way of
extracellular space and specialized junctions. J. Cell. Biol. 44:592-610.
"ito S, and Hori N, 1966. Electrical characteristics of Triturus egg cells during cleavage. J.
Gen. Physiol. 49:1019-1027.
100Slack C and Palmer JF, 1969. The permeability of intercellular junctions in the early
embryos of Xenopus laevis studies with a fluorescence tracer. Exp. Cell Res. 55:416-419.
101Sheridan JD, 1968. Electrophysiological evidence for low-resistance intercellular junctions in
the early chick embryo. J. Cell Biol. 37:650-659.
102Lo CW, and Gilula NB, 197 9. Gap junctional communication in the preimplantation mouse
embryo. Cell 18:399-409.
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oocytes show gap-junction-mediated communication with contacting follicle
cells prior to ovulation;103’104 however, this ability is lost as ovulation pro
ceeds. As for the developing embryo itself, Lo and Gilula showed that all
coupling noted before the onset of compaction during the late 8-cell stage is
most likely due to cytoplasmic bridges; true gap-junction mediated communication does not reappear until compaction begins, 105 During the formation of
the blastocyst, cells of the trophoblast and the inner cell mass appear to
communicate uniformly with each other. Lo and Gilula studied dye transfer in
mouse embryos derived from blastocysts implanted in vitro on glass substrates.
By late day 7 or day 8, these embryos showed a progressive loss of dye transfer
between cells of the inner cell mass and the trophoblast, as well as a further
compartmentalization within the inner cell mass, separating apparent
precursors of the embryonic ectoderm and extraembryonic endoderm.106 Ionic
coupling was still detectable across all of these boundaries, suggesting that
modulation of cell-cell communication was not an all-or-nothing phenomenon,
but that, rather, low levels of communication persisted below the threshold for
detection of dye transfer (i.e., the rate of accumulation of dye within a
contacting cell was slower than the rate of dye quenching). With the onset of
gastrulation in the 7.5 day mouse embryo, dye transfer ceased to be observed
across boundaries between germ layers, and small box-like communication

103AIbertini DF, and Anderson E, 1974. The appearance of structure and intercellular
connections during the ontogeny of the rabbit ovarian follicle with particular reference to
gap junctions. J. Cell Biol. 63:243-250.
104Gilula NB, Epstein ML, and Beers WH, 1978. Cell-to-cell communication and ovulation. A
study of the cumulus-oocyte complex. J. Cell Biol. 7 8:58-75.
103Lo CW, and Gilula NB, 1979. Gap junctional communication in the preimplantation mouse
embryo. Cell 18:399-409.
106Lo CE, and Gilula NB, 1979. Gap junctional communication in the post-implantation mouse
embryo. Cell 18:411-422.

27
compartments were found within the germ layers themselves, along with a
semicircular communication compartment located in the vicinity of the future
neural groove.107 At the same time, dye transfer studies revealed compartments
within the extraembryonic tissues as well, corresponding to boundaries
between the extraembryonic endoderm, the extraembryonic ectoderm, and the
ectoplacental cone, which itself was subdivided into a central region of diploid
cells, an upper peripheral spongiotrophoblastic region, and a lateral peripheral
group of cells destined to undergo giant cell transformation.108 Ionic coupling
was preserved across most of these compartmental boundaries; however, a
major discontinuity occurred between the extraembryonic endoderm (which was
ionically coupled to the embryo itself) and the remainder of the extraembryonic
tissues.
While evidence consistently indicates that gap-junction mediated
communication is lacking prior to the late eight-cell stage, connexin43 mRNA
has been detected in 4-cell mouse embryos.109’110 Treatment of 4-cell embryos
with alpha-amanitin or cycloheximide, to inhibit transcription or translation,
respectively, has been shown to block dye transfer beyond the 8-cell stage,
but not compaction or ionic coupling.111 Thus, it appears that at least a limited
supply of connexin43 protein is present at the 4-cell stage, as is a small

107Kalimi GH, and Lo CW, 1988. Communication compartments in the gastrulating mouse
embryo. J. Cell Biol. 107:241-255.
108Kalimi GH, and Lo CW, 1989. Gap junctional communication in the extraembryonic tissues
of the gastrulating mouse embryo. J. Cell Biol. 109:3015-3026.
109 Valdimarsson G, DeSousa PA, Beyer EC, Paul DL, and Kidder GM 1991. Zygotic expression
of the connexin43 gene supplies subunits for gap junction assembly during mouse
preimplantation development. Mol. Reprod. Dev. 30(l):18-26.
110Nishi M, Kumar NM, and Gilula NB 1991. Developmental regulation of gap junction gene
expression during mouse embryonic development. Dev. Biol. 146(1):117-30.
111McLachlin JR, and Kidder GM 1986. Intercellular junctional coupling in preimplantation
mouse embryos: effect of blocking transcription or translation. Dev. Biol. 117( l):146-55.
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amount of connexin32 (which is very likely an oogenetic remnant, rather than a
newly synthesized product).112 The delay in the appearance of gap-junction
mediated communication may indicate that the small amount of connexin
protein is present is pre-functional, perhaps due to immaturity of posttranslational processing (e.g., phosphorylation), or to location at a site other
than junctional membrane, or to the absence of some ancillary gene product
required for cell-cell communication, such as a cell adhesion molecule or
matrix protein.

a. Temporal patterns of expression. Expression of specific connexin
genes appears to be developmentally programmed. In Xenopus laevis,
connexin32 is first detectable in the embryo at the time of gastrulation, and
soon becomes concentrated in primitive liver tissue.113 Connexin43 is present in
pre-ovulatory oocytes, but disappears after ovulation, only to be re-expressed
during organogenesis, 114 In contrast, connexin38 is transcribed abundantly by
the oocyte, but is undetectable by late gastrulation; in the adult frog, it has
not been demonstrated in any organ except ovary. Using in situ hybridization
with antisense riboprobes transcribed from murine connexin43 cDNA,
Ruangvoravat and Lo demonstrated a strong but non-uniform signal in the
inner cell mass of the 4.5-day mouse blastocyst.115 By days 6.5 and 7.5,
112Barron DJ, Valdimarsson G, Paul DL, and Kidder GM 1989. Connexin32, a gap junction
protein, is a persistent oogenetic product through preimplantation development of the
mouse. Dev. Genet. 10(4):318-23.
113Gimlich RL, Kumar NM, and Gilula NB 1988. Sequence and developmental expression of
mRNA coding for a gap junction protein in Xenopus. J. Cell. Biol. 107(3):1065-73.
114Gimlich RL, Kumar NM, and Gilula NB 1990. Differential regulation of the levels of three
gap junction mRNAs in Xenopus embryos. J. Cell. Biol. 110(3):597-605.
115Ruangvoravat CP, and Lo, CW, 1992. Connexin43 expression in the mouse embryo:
localization of transcripts within developmentally significant domains. Developmental
Dynamics 194:261-281.
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hybridization signal was confined to the embryo proper, and the visceral
extraembryonic endoderm of the yolk sac. No signal was detected in the
extraembryonic ectoderm or the ectoplacental cone. At day 8.5, signal was
abundant in the embryonic ectoderm, particularly in the area of the neural
fold, but also in the head fold, primitive streak and somites. The high levels of
expression in the neural fold led, by day 9.5, to strong hybridization in the
dorsal telencephalon, infundibulum, otic vesicle and primitive neural crest
cells. By days 10.5 to 12.5, strong signal could also be seen in the optic
chiasm, at the midbrain-hindbrain junction, and in the germinal layer adjacent
to the brain ventricles. In contrast, signal was weak or absent in the marginal
and mantle layers of the telencephalon. In the spinal cord, an initially strong
signal throughout the neural tube disappeared in a rostral-to-caudal
progression, most likely in parallel with neuronal differentiation. Very strong
hybridization was observed in neural-crest derived ectomesenchyme of the
branchial arches, as well as in the apical ectodermal ridge and ridge ectoderm
of the limb bud. Some interesting general observations were also reported in
this work. In many cases, hybridization signal was found to be localized within
sharply demarcated domains, corresponding to discernable morphological
anlagen; however, quite often, a gradient of hybridization intensity was
observed, with no abrupt transitions. Transcripts were also found abundantly
in regions reported earlier as being transected by communication restriction
boundaries. As noted above, this suggested that the mere presence of connexin
mRNA, or even protein, was not a sufficient condition for cell-cell
communication, in the absence of post-translational modification or some other
cooperative factor.
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b. Compaction and Morphogenesis. While several early authors had
postulated the involvement of gap junctions in embryonic development, the
first clear evidence for such a role appeared in a seminal paper by Warner et
ah116 Noting that, in the Xenopus embryo, de novo RNA and protein synthesis
does not begin until the mid-blastula transition, the investigators injected
affinity-purified polyclonal antibodies to rat connexin 3 2 into Xenopus embryos
at 1

2-, and 8-cell stages. All 1- and 2-cell embryos died before gastrulation.

In 8-cell embryos, antibodies were uniformly injected into the same cell in the
grey crescent, a progenitor of ectodermal and mesodermal derivatives on the
right side of the organism. Within five minutes, the antibodies were shown to
block both Lucifer yellow dye transfer and electrical coupling — an effect
which was still present at the 32-cell stage. Treatment had no apparent effect
on cell cleavage or cytolysis, and progeny of injected cells could be traced for
at least three days. However, profound morphological effects were observed,
with 63% of the injected animals showing right-left asymmetries, and 19%
failing to form either brain or eye on the right side.
The appearance of gap junction mediated cell-cell communication at the
onset of compaction led Lee et al. to inject anti-connexin32 antibodies into
2-cell mouse embryos.117 Most of these embryos survived to the 8-cell stage
with no apparent ill effects. However, progeny of the originally injected cells
failed to compact after this point, and were extruded from the blastocyst,
although they continued to divide for some time. Bevilacqua et al. injected

116Warner AE, Guthrie SC, and Gilula NB, 1984. Antibodies to gap-junctional protein
selectively disrupt junctional communication in the early amphibian embryo. Nature
311:127-131.
117Lee S, Gilula NB, and Warner AE 1987. Gap junctional communication and compaction
during preimplantation stages of mouse development. Cell 51(5):851-60.
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antisense RNA to connexin32 transcripts into two-to-four cell mouse embryos,
and observed a reduction from 90% to 20% in the number of embryos
compacting after 60 hours.118 The identity of the connexin involved in
compaction is still unclear, however. As noted above, the small amount of
connexin32 present in the early embryo is believed to be an oogenetic remnant.
De novo synthesis of connexin43 has been demonstrated prior to compaction,
but connexin43 knock-out mice undergo compaction normally.119 These facts
can be reconciled, if one hypothesizes a role for an unidentified connexin,
sufficiently homologous to connexin32 to cross-react with the polyclonal
antisera raised by Lee et aLy and to hybridize with connexin3 2 antisense RNA.
Gap junctions have also been implicated in pattern formation in the
developing limb bud. Using immunofluorescence staining and confocal micro
scopy, Laird et al. localized connexin43 to the apical ectodermal ridge and
nonridge ectoderm of 11 to 14.5-day old mouse embryos.120 These two cell
groups showed dye transfer to each other, but not to adjacent mesenchyme.
Connexin32 was initially present only in this mesenchymal tissue, but was
detectable in ectoderm after day 14. This increased distribution, however, was
not accompanied by any increase in communication between mesenchyme and
ectoderm. Slightly different results have been noted in chick embryos. Using
polyclonal antibody labelling. Green et al. detected connexin43 in both the

118Bevilacqua A, Loch-Caruso R, and Erickson RP 1989. Abnormal development and dye
coupling produced by antisense RNA to gap junction protein in mouse preimplantation
embryos. Proc. Natl. Acad. Sci. USA 86(14):5444-8.
119Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC, Kidder
GM, and Rossant J, 1995. Cardiac malformations in neonatal mice lacking connexin43.
Science 267:1831-4.
120Laird DW, Yancey SB, Bugga L, and Revel J-P 1992. Connexin expresion and gap junction
communication compartments in the developing mouse limb. Dev. Dyn. 195(3):153-61.
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chick apical ectodermal ridge and in mesenchyme, 121 Dealy et al. found significant connexin43 mRNA levels in the apical ectodermal ridge and in the
closely associated posterior subridge mesoderm, but not in nonridge limb ecto
derm or in the anterior mesoderm.122 Coelho and Kosher scrape-loaded Lucifer
yellow dye onto the chick wing bud, and identified an antero-posterior gradient
of communication, with extensive dye transfer in the posterior mesenchyme,
and little or no dye transfer in the anterior part of the bud. 123 Noting that digit
duplications could be produced by grafting tissue from the posterior margin of
the chick limb bud onto the anterior margin, Allen et al. found that this effect
could be abohshed by preloading tissue at both margins, but not at one alone,
with antibody to rat connexin32.124 More recently, Makarenkova et al. showed
that both dye transfer and the density of connexin32- and connexin43-mediated
gap junctions in cultured posterior mesenchymal from the chick limb bud were
exquisitely sensitive to control by fibroblast growth factor 4, an activator of
several genes associated with polarizing activity, such as sonic hedgehog. 125
The consensus among all these limb-bud studies suggests that high
levels of gap-junction mediated cell-cell communication is observable at points
of polarizing activity or induction. Within the context of the positional

121G reen CR, Bowles L, Crawley A, and Tickle C 1994. Expression of the connexin43 gap

junctional protein in tissues at the tip of the chick limb bud is related to the epithelialmesenchymal interactions that mediate morphogenesis. Dev. Biol. 161( 1):12-21.
122Dealy CN, Beyer EC and Kosher RA 1994. Expression patterns of mRNAs for the gap
junction proteins connexin43 and connexin42 suggest their involvement in chick limb
morphogenesis and specification of the arterial vasculature. Dev. Dyn. 199(2):156-67.
123Coelho CN, Kosher RA 1991. A gradient of gap junctional communication along the anteriorposterior axis of the developing chick limb bud. Dev. Biol. 148(2):529-35.
1 24Allen F, Tickle C, and Warner A 1990. The role of gap junctions in patterning of the chick
limb bud. Development 108(4):623-34.
123 Makarenkova H, Becker DL, Tickle C, and Warner AE, 1997. Fibroblast growth factor 4
directs gap junction expression in the mesenchyme of the vertebrate limb bud. J Cell Biol
138:1125-1137,
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information model of pattern formation,126 these are precisely those sites which
are postulated to function as sources of diffusible morphogens. In this model,
the information gradient determined by the concentration of morphogens
establishes a positional coordinate for a given cell, which then responds by
committing to a specific program of differentiation. Thus, connexins would
appear to be crucial components of the pattern formation model. Disruption of
a morphogenetic gradient may well have been the mechanism by which anticonnexin antibodies produced asymmetric limb stunting in the experiments by
Warner et aL upon the Xenopus embryo.

8. Expression of Connexins in the Heart

a. Expression in Mature Myocardium. Long before the first heart
connexin was cloned, electron microscopy demonstrated gap junctions localized
as surface membrane structures in the intercalated disk complex in heart
muscle. Myocardial gap junctions were isolated from membrane preparations 127
and were sufficiently well charac-terized by 1984128 as to suggest the use of
low-stringency hybrization of a rat heart library to clone what subsequently
became known as connexin43.129 Identification of connexin43 with the heart
gap junction protein was confirmed when antibodies to peptide sequences
derived from connexin43 showed intense staining, as expected, in the
126Wolpert L, 197 1. Positional information and pattern formation. Curr. Top. Dev. Biol.
6:183-224.
127Kensler RW, Goodenough DA 1980. Isolation of mouse myocardial gap junctions. J. Cell.
Biol. 86:755-64.
128Manjunath CK, Goings GE, Page E 1984. Cytoplasmic surface and intramembrane
components of rat heart gap junctional proteins. Am. J. Physiol. 246:H865-75.
129Beyer EC, Paul DL, and Goodenough DA 1987. Connexin43: a protein from rat heart
homologous to a gap junction protein from liver. J. Cell. Biol. 105(6 Pt l):2621-9.
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intercalated disk regions of ventricular myocardium, 130 Larger junctional
structures were observed to be concentrated at the periphery of the disks,
forming a ring-like assembly, while smaller junctions were seen in the
center.131’132 Large ribbon-like junctions could often be seen extending over
multiple sarcomere lengths along the longitudinal planes of the disks.133 In the
atria, junctions were characteristically larger than in the ventricles, and could
be identified along the lateral surfaces of the cell body, as well as in the inter
calated disks.134 Soon after the cloning of connexin40, it became apparent that
the two heart gap junction proteins had different patterns of distribution in the
heart. In rat, immunofluorescent staining for connexin40 showed high levels in
the AV node, AV bundle and Purkinje fibers;135’136 the only significant region
of colocalization with connexin43 was in the Purkinje fibers. In the guinea pig,
connexin40 is restricted to the atria; the conducting bundles express

13(1Beyer EC, Kistler J, Paul DL, and Goodenough DA 1989. Antisera directed against
connexin43 peptides react with a 43-kD protein localized to gap junctions in myocardium
and other tissues. J. Cell. Biol. 108(2:595-605.
131Gourdie RG, Harfst E, Severs NJ, and Green CR 1990. Cardiac gap junctions in rat
ventricle: localization using site-directed antibodies and laser scanning confocal microscopy.
Cardioscience l(l):75-82.
132Gourdie RG, Green CR, and Severs NJ, 1991. Gap junctional distribution in adult
mammalian myocardium revealed by an anti-peptide antibody and laser scanning confocal
microscopy. J. Cell. Sci. 99(Pt l):41-55.
133Dober PC, Beyer EC, Junker JL, and Spach MS 1992. Distribution of gap junctions in dog
and rat ventricle studied with a double-label technique. J. Mol. Cell. Cardiol. 24(12):144357.
134Gourdie RG, Green CR, and Severs NJ, 1991. Gap junctional distribution in adult
mammalian myocardium revealed by an anti-peptide antibody and laser scanning confocal
microscopy. J. Cell. Sci. 99(Pt l):41-55.
135Gourdie RG, Severs NJ, Green CR, Rothery S, Germroth P, Thompson RP 1993. The
spatial distribution and relative abundance of gap-junctional connexin40 and connexin43
correlate to functional properties of components of the cardiac atrioventricular conduction
system. J. Cell. Sci. 105(Pt 4):985-91.
136G ros D, Jarry-Guichard T, TenVelde I, de Maziere A, van Kemen MJ, Davoust J, Briand JP,
Moorman AF, and Jongsma HJ, 1994. Restricted distribution of connexin40, a gap
junctional protein, in mammalian heart. Circ. Res. 74(5):839-51.
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coimexin43 but not connexin40.137 In hamster, on the other hand, the SA node
shows high levels of expression of connexin43.138 In bovine heart, connexin43
is not detectable in the AV node, but is relatively abundant in contractile atrial
myocytes, and in Purkinje fibers.139’140 These differences in distribution may
well be functionally significant. As noted earlier, each connexin has
characteristic microscopic conductance and voltage dependence. It is not
unreasonable to hypothesize, then, that expression of one connexin instead of
another may lead to differences in conduction velocity in the heart. At present,
evidence tends to support this idea: conduction between the SA node and the
crista terminalis has been shown to be twice as fast in hamster, which expresses
connexin43 in this region, compared to guinea pig, which does not.141 Patterns
of connexin expression also appear to be related to changes in cardiac
performance. For example, in hypertensive rat hearts, connexin40 expression is
increased 3.1-fold in the hypertrophic myocardium, while that of

137Gros D, Jarry-Guichard T, TenVelde I, de Maziere A, van Kemen MJ, Davoust J, Briand JP,
Moorman AF, and Jongsma HJ, 1994. Restricted distribution of connexin40, a gap
junctional protein, in mammalian heart. Circ. Res. 74(5):839-51.
138Trabka-Janik E, Coombs W, Lemanski LF, Delmar M, and Jalife J, 1994.
Immunohistochemical localization of gap junction protein channels in hamster sinoatrial
node in correlation with electrophysiologic mapping of the pacemaker region. J. Cardiovasc.
Electrophysiol. 5(2): 125-37.
139 Oosthoek PW, Viragh S, Mayen AE, van Kempen MJ, Earners WH, and Moorman AF 1993.
Immunohistochemical delineation of the conduction system. I: The sinoatrial node. Circ.
Res. 73(3):473-81.
140Oosthoek PW, Viragh S, Earners WH, and Moorman AF 1993. Immunohistochemical
delineation of the conduction system. II: The atrioventricular node and Purkinje fibers.
Circ. Res. 71(3):482-91.
141Trabka-Janik E, Coombs W, Lemanski LF, Delmar M, and Jalife J, 1994.
Immunohistochemical localization of gap junction protein channels in hamster sinoatrial
node in correlation with electrophysiologic mapping of the pacemaker region. J. Cardiovasc.
Electrophysiol. 5(2): 125-37.
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connexin43 is decreased 3.3-fold.142 In normal human ventricular myocardium,
each myocyte has an average of 11.6 intercalated disks, with a total gap
junctional surface area of 0.0051 micron2 per cubic micron of cell volume; this
area is reduced in both ischemic and hypertrophied hearts, to values of 0.0027
and 0.0031, respectively. It has yet to be shown whether these changes are
due directly to physical variables, such as increased stretch or end-diastolic
pressure, or to changes in myocardial metabolic demands.
Most of the gap junctions in heart muscle are between cardiomyocytes;
however, it should not be forgotten that other cell types, such as fibroblasts
and endothelial cells, also express connexins, although their junctions are
smaller.143 Fibroblasts are rarely in immediate contact with cardiomyocytes,
being usually separated by a basement membrane. Accordingly, myocyte-fibro
blast gap junctions are rare, suggesting that cell-cell communication between
myocytes and non-myocytes contributes little, if anything, to the propagation of
the cardiac contractile impulse, or to its adaptation to cardiac work load.

b. Expression in developing heart. Human connexin43 was first cloned
by low-stringency hybridization to a fetal heart cDNA library.144 It is not
surprising, then, that an early study showed connexin43 to be expressed at
high levels in embryonic chick heart.145 I mmunoflucre scent staining, however.
142Bastide B, Neyses L, Ganten D, Paul M, Willecke K and Traub O 1993. Gap junction protein
connexin40 is preferentially expressed in vascular endothelium and conductive bundles of
rat myocardium and is increased under hypertensive conditions. Circ. Res. 73(6): 1138-49.
143DeMaziere AM, van Ginneken AC, Wilders R, Jongsma HJ, and Bouman LN 1992. Spatial and
functional relationship between myocytes and fibroblasts in the rabbit sinoatrial node. J.
Mol. Cell. Cardiol. 24(6):567-78.
144Fishman GI, Spray DC, and Leinwand LA 1990. Molecular characterization and functional
expression of the human cardiac gap junction channel. J. Cell. Biol. 111(2):589-98.
145Beyer EC 1990. Molecular cloning and developmental expression of two chick embryo gap
junction proteins. J. Biol. Chem. 265(24):14439-43.
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revealed that connexin43 expression in chick embryos appears to he limited to
the arterial outflow tract, with no detectable protein in the myocardium, veins,
or smaller arteries.146 Similarly low levels of connexin43 mRNA and protein
have also been identified in embryonic rat heart.147’148 These levels increase
markedly to a maximum in the neonatal heart, and then subside gradually after
birth to normal adult levels, which amount to 50% and 30% of the maximal
neonatal levels for mRNA and protein, respectively.149 In mouse heart, the
earhest appearance of connexin43 mRNA has been noted around day 9.5 post
conception, 150 and is first localized within the ventricles. Not until day 13-13.5
is it detectable in the atria.151 Within the ventricle, expression appears to be
uniformly associated with desmin-positive myocytes, 152 Expression tends to be
highest in the subendocardial trabeculae, with a gradient tapering to a
minimum in the subepicardial layers. Embryonic connexin43 junctions are
dispersed throughout the entire surface of the myocyte; only after birth are
they localized more or less exclusively in the intercalated disks.

146Minkoff R, Rundus VR, Parker SB, Beyer EC, and Hertzberg EL 1993. Connexin expression
in the developing avian cardiovascular system. Circ. Res. 73(1):7 1-7 8.
147 van Kempen MJ, Fromaget C, Gros D, Moorman AF, and Earners WH 1991. Spatial
distribution of connexin43, the major cardiac gap junction protein, in the developing and
adult rat heart. Circ. Res. 68(6):1638-51.
148Fishman, GI, Hertzberg EL, Spray DC, and Leinwand LA 1991. Expression of connexin43 in
the developing rat heart. Circ. Res. 68(3):782-7.
149Fishman, GI, Hertzberg EL, Spray DC, and Leinwand LA 1991. Expression of connexin43 in
the developing rat heart. Circ. Res. 68(3):782-7.
150Yancey SB, Biswal S, and Revel J-P 1992. Spatial and temporal patterns of distribution of
the gap junction protein connexin43 during mouse gastrulation and organogenesis.
Development 114(1):203-12.
151 Yancey SB, Biswal S, and Revel J-P 1992. Spatial and temporal patterns of distribution of
the gap junction protein connexin43 during mouse gastrulation and organogenesis.
Development 114(1):203-12.
152Fromaget C, el Aoumari A, and Gros D 1992. Distribution pattern of connexin 43, a gap
junctional protein, during the differentiation of mouse heart myocytes. Differentiation
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The appearance of connexin43 at day 9.5 in mouse heart comes
surprisingly late, since the heart begins to beat synchronously by day 8.5.
Clearly, some other mechanism must be responsible for conducting the
contractile impulse until connexin43 expression has attained its mature pattern
of distribution. In this context, it is significant that two other connexin proteins,
connexins 42 and 45, have been identified in embryonic chick heart.153
Connexin45, in particular, is expressed at levels 10-fold higher in the 6-day
embryo than in the adult. Either of these connexins, or some other connexin yet
to be identified, may be responsible for synchronizing the heartbeat in the early
embryo, before the appearance of connexin43 throughout the myocardium.
Alternatively, some connexin-independent mechanism, such as cytoplasmic
bridges, may be available for maintaining low-resistance electrical junctions. In
any case, connexin43 is evidently not essential for synchronization of the
heartbeat in the early embryonic heart, and at the time of its first appearance,
its crucial role may be quite different from that of its later function as a
conductor of the cardiac contractile impulse.

153Beyer EC 1990. Molecular cloning and developmental expression of two chick embryo gap
junction proteins. J. Biol. Chem. 265(24):14439-43.
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B. Regulation of Connexin43 and Other Gap Junction Proteins

Experimental evidence for the regulation of connexin43 is undergoing a
phase of rapid development, but conceptual schemata to unify this phenomen
ology are so far scanty in the literature. What is clear at this point is that
connexin43 is closely regulated at several levels, from transcription to turn
over and degradation. The following sections offer a brief review of this topic.

1.

Regulation of Transcription and Translation

There is evidence of a role for a number of agents in regulating
connexin43 expression, at least in vitro. During the 24 hours preceding
parturition, a dramatic increase in connexin43 expression has been consistently
observed in mammalian myometrium, suggesting that estrogen and progesterone
might have direct positive and negative effects, respectively, on connexin43
transcription.154’155 More recent studies have reinforced the same conclusion.
For example, Petrocelli et af.156 observed that progesterone blocked the
increase in connexin43 transcripts normally found in pregnant rats at term,
while the progesterone antagonist RU486 increased connexin43 mRNA, and
induced preterm delivery at 15 days gestation. Administration of 17-beta
estradiol, on the other hand, resulted in a short-term threefold increase in

154Garfield RE, Kannan MS, Daniel EE 1980. Gap junction formation in myometrium: control
by estrogens, progesterone, and prostaglandins. Am. J. Physiol. 238:C81-9.
l55Risek B, Guthrie S, Kumar N, Gilula NB 1990. Modulation of gap junction transcript and
protein expression during pregnancy in the rat. J. Cell Biol. 100:269-82.
156Petrocelli T, and Lye SJ 1993. Regulation of transcripts encoding the myometrial gap
junction protein, connexin43, by estrogen and progesterone. Endocrinology 133(1):284-90.
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connexin43 transcript, which could be attenuated by simultaneous
administration of progesterone. As noted above, Yu et al. have reported a
series of half-palindromic estrogen response elements in the partially sequenced
putative rat connexin43 promoter region,157 which may furnish a molecular
basis for understanding some of these effects.
An early body of work by Loewenstein and his associates established a
clear line of evidence for a positive role for cyclic nucleotides and their
analogs in regulating the number or size of gap junctions. In the murine
fibroblastic cell line CL-ID, dibutyryl cyclic adenosine monophosphate
[(Bu)2cAMP] was shown to increase both junctional permeability and the
number of junctional membrane particles, after a cycloheximide-sensitive lag
time of 4 hours.158’159 A similar result was obtained when the catalytic subunit
of the cAMP-dependent protein kinase was introduced by reversible
permeation into a mutant Chinese hamster ovary cell line deficient in cAMPdependent protein kinase (protein kinase A). In this case, junctional
communication increased after a lag of 4 to 4.5 hours.160 With the cloning of
connexin mRNA, Northern blotting has proven an effective tool for further
confirming these results, by directly demonstrating changes in connexin43
mRNA levels. For example, Stagg and Fletcher showed that 8-bromo-cyclic

157Yu W, Dahl G, and Werner R, 1994. The connexin43 gene is responsive to oestrogen. Proc.
R. Soc. bond. B: Biol. Sci. 255(1343):!25-32.
158Flagg-Newton JL, Dahl G, Loewenstein WR 1981. Cell junction and cyclic AMP. I.
Upregulation of junctional membrane permeability and junctional membrane particles by
administration of cyclic nucleotide or phosphodiesterase inhibitor- J. Membr. Biol. 63:1052!.
159Azarnia R, Dahl G, Loewenstein WR 1981. Cell junction and cyclic AMP. III. Promotion of
junctional membrane permeability and junctional membrane particles in a junction-deficient
cell type. J. Membr. Biol. 63:133-46.
160Wiener EC, Loewenstein WR 1983. Correction of cell-cell communication defect by
introduction of protein kinase into mutant cells. Nature 305:433-5.
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adenosine monophosphate and forskolin, a potent activator of adenylate
cyclase, both induced an increase in connexin43 mRNA in CL-ID cells and in
the NIH 3T3 cell line, with lag times of 1-2 hours and 4-6 hours, respectively.
This induction was transient, however, and both cell lines returned to control
levels with 24 hours.161 How far these results can be generalized to other
connexin genes is so far unclear. Increase in connexin32 mRNA levels in
response to treatment of cultured mouse hepatocytes with cyclic nucleotide
analogues has also been reported; 162 however, nuclear run-off assays indicate
that the increase in connexin32 mRNA is due to stabilization of existing
transcripts, and not to new transcription. 163 Interestingly, the level of
connexin32 protein decreased, rather than increased, during the time frame of
these observations, suggesting either connexin32 translation is inhibited, or that
turnover of the protein is increased.
Recent work continues to identify new potential pathways for the
regulation of connexin expression, and it is likely that a complex picture will
one day emerge. Connexin43 enjoys the distinction of having been the first
mammalian target gene for carotenoid induction to be identified in the
published literature, 164 Glucagon, EGF, insulin, heparin and proteoglycan
have all been reported as increasing connexin32 expression in cultured

161Stagg RB and Fletcher WH, 1990. The hormone-induced regulation of contact-dependent
cell-cell communication by phosphorylation. Endocr. Rev. 11:302-25.
162Trauh O, Look J, Paul D, Willecke K 1987. Cyclic adenosine monophosphate stimulated
biosynthesis and phosphorylation of the 26 kDa gap junction protein in cultured mouse
hepatocytes. Eur. J. Cell Biol. 43:48-54.
163s aez JC, Gregory WA, Watanabe T, Dermietzel R, Hertzberg EL, Reid L, Bennett MVL,
Spray DC 1989. cAMP extends lifetime of gap junctions between pairs of rat hepatocytes in
primary culture. Am. J. Physiol. 257:C 1-11.
164Zhang LX, Cooney RV, and Bertram JS 1992. Carotenoids up-regulate connexin43 gene
expression independent of their provitamin A or antioxidant properties. Cancer Res.

52(20):5707-12.
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hepatocytes.165*166 Activators of the calcium-activated, phospholipid-dependent
protein kinase (hereafter referred to as protein kinase C) have been reported to
increase connexin32 expression as well; however, in view of the following
discussion, it is important to note that connexin43 behaves quite differently.
Stagg and Fletcher found no increase in connexin43 mRNA in NIH-3T3 and
CL-1D cells after 24 hours of treatment with TPA.167 Asamoto et aJ.168 found
that TPA treatment of cultures of the rat liver cell line IAR-20 resulted in a
transient decrease in cell-cell communication within 60 minutes, with a
decrease in the number of immunoflucre scent plaques in the cell membrane.
However, these effects were not accompanied by any decrease in mRNA
levels, or of connexin43 protein levels, as estimated by Western blotting.
These last-cited studies illustrate the importance of distinguishing
between regulation at the transcriptional level and regulation involving later
steps in connexin43 processing, especially where global activators such as TPA
are used. These agents have simultaneous effects upon multiple levels of
cellular metabolism. As many studies assay only terminal effects such as
alterations in dye transfer or membrane junctional area, in such cases it is often
risky to infer anything about the level or levels at which regulation occurs.
The time course of a response may be suggestive — i.e., an effect appearing
165Watanabe T, Saez JC, Spray D, Reid L 1987. Heparins potentiate the regulation by
hormones and growth factors of liver-specific mRNA expression in cultured hepatocytes. J.
Cell. Biol. 105:356a (Abstract).
166Spray DC, Fujita M, Saez JC, Choi H, Watanabe T, Hertzberg E, Rosenberg LC, Reid LM
1987. Proteoglycans and glycosaminoglycans induce gap junction synthesis and function in
primary liver cultures. J. Cell Biol. 105:541-51.
167Stagg RB and Fletcher WH, 1990. The hormone-induced regulation of contact-dependent
cell-cell communication by phosphorylation. Endocr. Rev. 11:302-25.
168Asamoto M, Oyamada M, el Aoumari A, Gros D, and Yamasaki H 1991. Molecular
mechanisms of TPA-mediated inhibition of gap-junctional intercellular communication:
evidence for action on the assembly or function but not the expression of connexin 43 in rat
liver epithelial cells. Mol. Carcinog. 4(4):322-7.
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after a lag of several hours may be more likely to represent a change at the
transcriptional level than a gating event, but it may also represent changes in a
dilatory pathway of trafficking or transport of stored junctional particles, or of
connexon degradation, or, again, it may represent rapid gating responses to a
newly transcribed regulatory intermediate distinct from connexin43 itself.
Resolving such alternatives is sufficiently difficult that many published studies
make no attempt to do so, bequeathing to the field an uninterpretable, and
often self-contradictory phenomenology; yet, however difficult the effort may
be, it is certainly true that difficulties are only compounded by the use of
global regulators in place of defined agents such as active protein kinases.

2. Regulation of Transport and Assembly

Little is yet known about which mechanisms are involved in the
transport of connexin from the endoplasmic reticulum to the cell membrane.
Musil and Goodenough were able to block assembly of connexin43 hexamers
by inhibiting transport from the endoplasmic reticulum with agents such as
carbonyl cyanide m-chloro-phenylhydrazone and brefeldin A; by incubation at
15°C; or by selective incubation of CHO mutants with temperature-sensitive
secretion defects. They interpreted these results as suggesting that connexons
are assembled intracellularly, probably at some point distal to the Golgi
apparatus. 169 However, it remains unclear whether connexon units are formed
in the cell membrane, or in more proximal structures, such as the trans-Golgi.
169Musil LS and Goodenough DA 1993. Multisubunit assembly of an integral plasma membrane
channel protein, gap junction connexin43, occurs after exit from the ER. Cell 74(6): 1055-

77.
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Likewise, although it is widely assumed that dodecameric channels are formed
in the cell membranes at points of cell apposition, no direct evidence has been
offered to prove that this is in fact true. Neither is it known why dodecameric
channels are not stably formed in intracellular organelles, such as the transGolgi. Nonetheless, interest in these aspects of connexin processing has
increased in recent years. A considerable lag may exist between transcription
and assembly of membrane plaques. DeSousa el ai.,170 for example, used RTPCR to demonstrate the presence of Cx43 mRNA in a polyribosomal cell
fraction in 4-cell stage mouse embryos; membrane plaques, however, were not
demonstrable until the 8-cell stage. Kidder et aJ.171 reported that gap junction
assembly in preimplantation mouse embryos was not blocked by cytochalasin or
nocodazole, suggesting that microfilament or microtubule networks are not
required for assembly. Some studies have been cited in the literature as
demonstrating that expression of cellular adhesion molecules, such as L-CAM,
N-CAM and A-CAM, is a prerequisite for gap junction assembly;172’173
however, this idea is controverted by data to be introduced in the course of the
present study. Clearly, gap junction transport and assembly occurs by a
complex process, involving several consecutive sites within the cell, at any or
all of which active regulation, in the sense previously described, could
potentially occur.
1 7"DeSousa PA, Valdimarsson G, Nicholson BJ, and Kidder GM 1993. Development
117(4):1355-67.
171Kidder GM, Rains J, and McKeon J 1987. Gap junction assembly in the preimplantation
mouse conceptus is independent of microtubules, microfilaments, cell flattening, and
cytokinesis. Proc. Natl. Acad. Sci. USA 84(ll):3718-22.
172Musil LS, Cunningham BA, Edelman GM, and Goodenough DA 1990. Differential
phosphorylation of the gap junction protein connexin43 in junctional communicationcompetent and -deficient cell lines. J. Cell. Biol. 111(5 Pt l):2077-88.
173Meyer RA, Laird DW, Revel J-P, and Johnson RG 1992. Inhibition of gap junction and
adherens junction assembly by connexin and A-CAM antibodies. J. Cell. Biol. 119(1): 17 9-89.
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3. Regulation of Connexin Turnover and Degradation

Very little is known about the mechanisms or regulation of removal of
gap junctional plaques or connexon units. An early study by Fallon and
Goodenough174 reported a half-life of approximately 5 hours for connexin32 in
the cell membrane of cultured rat hepatocytes. Subsequently, half-lives of
2 hours and 1-2 hours were described for connexins 26 and 43,
respectively.175’176 To date, no evidence has been introduced to show whether
this turnover is due to degradation of connexons individually or en masse.
Severs et al.177 reported that in artificially dissociated cardiomyocytes, intact
junctional structures were visible in discrete cytoplasmic vesicles, which were
retained near the cytoplasmic membrane, and which included membrane
components from both the ipsilateral and contralateral cells. In structure,
these vesicles were similar to the so-called "annular gap junctions", which have
occasionally been noted in electron micrographs of glutaraldehyde-fixed
preparations. Degradation of the vesicles was slow, and the total quantity of
gap junctional membrane remained constant during the period of observation.
That such vesicles might be capable of returning to the membrane was

174Fallon RF, Goodenough DA 1981. Five hour half life of rat liver gap-junction protein. J. Cell
Biol. 90:521-6.
175Traub O, Look J, Dermietzel R, Brummer F, Hulser D, Willecke K 1989. Comparative
characterization of the 21-kD and 26-kD gap junction proteins in murine liver and cultured
hepatocytes. J. Cell Biol. 108:1039-51.
176Laird DW, Puranam KL, and Revel J-P 1991. Turnover and phosphorylation dynamics of
connexin43 gap junction protein in cultured cardiac myocytes. Biochem. J. 273(Ptl):67-72.
177Severs NJ, Shovel KS, Slade AM, Powell T, Twist VW, and Green CR 1989. Fate of gap
junctions in isolated adult mammalian cardiomyocytes. Circ. Res. 65(l):22-42.
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suggested by the work of Rook et al.y 178 who found that gap-junction
complexes could be reformed between collagenase-dissociated neonatal rat
heart cells within 2-20 minutes after reestablishing contact — far more rapidly
than the accepted time lag for de novo resynthesis of connexin4 3-mediated gap
junctions, but most likely sufficient for re-insertion or assembly of preformed or
salvaged junctional components. These reports, however, represent
observations in cells subjected to unusual and non-physio logical physical
forces, and may therefore be largely artifactual.

4. Regulation of Gating

As noted earlier, multiple single-channel conductance states have been
measured for most connexins, and voltage-clamping studies have recorded
oscillations in conductace, which have been attributed to transitions between
these states by single connexons in the cell membrane. These observations
suggest that connexons may adopt various conformations, depending on their
physical and chemical state, and that in the process the intercellular channel
may be occluded to varying degrees, or rendered impermeable by other means
(e.g., by electrostatic exclusion of ions). The dependence of gap junctional
macroscopic conductance on pH and membrane potential has already been
described, and these effects presumably reflect conformational alterations at
the level of single channels. The nature of the conformations involved has yet
to be shown. Unwin and Zampighi described how a slight twisting of the
l^Rook MB, De Jonge B, Jonsma HJ, amid Masson-Pevet MA 1990. Gap junction formation amd
functional interaction between neonatal rat cardiocytes in culture: a correlative
physiologicad amd ultrastructural study. J. Membr. Biol. 118(2):17 9-92.
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connexin monomers with respect to each other could effectively close the
channel, in the manner of a diaphragm or a Chinese finger-lock.179
Alternatively, the large cytoplasmic tail domain could swing back and forth,
/
exposing or occluding the channel. In both of these models, it is unclear
whether the monomeric subunits would participate cooperatively in the
conformational transition, or whether the channel substate would simply reflect
the sum of the states of twelve independent subunits. The voltage-clamping
experiments already cited clearly indicate, however, that those transitions
which occur do so with a rapidity on the order of milliseconds.180

5. Regulation by Cyclic Nucleotides and by Phosphorylation

a. General Considerations. Numerous studies have indicated that
connexins32, 40, 42, 43, 45 and 56 are phosphoproteins. Neither the
stoichiometry, the specific residues phosphorylated, nor the agents responsible
for phosphorylation of these connexins are known with any certainty. However,
all are rich in serine, threonine and tyrosine residues — any of which are
potentially phosphoryl-atable. The inventory of cellular protein kinases is as
yet far from complete; however, known serine/threonine protein kinases
include cyclic nucleotide-dependent protein kinases (with at least four cAMPdependent forms identified in yeast); calcium-sensitive/phospholipid-dependent

179 Unwin PN and Zampighi G, 1980. Structure of the junction between communicating cells.
Nature 283:545-9.
180Veenstra RD, and DeHaan RL, 1988. Cardiac gap junction channel activity in embryonic
chick ventricle cells. Am. J. Physiol. 254(1 Pt 2):H170-80.
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protein kinases (with at least eleven forms known); calcium-calmodulindependent protein kinases, including myosin light chain kinase; the "sucrose
nonfermenting11 (SNF1) subfamily; the CDC28-cdc2+ subfamily (cell-divisioncycle related protein kinases); MAP-2 protein kinase; GSK-3 protein kinase;
casein kinases; the Raf/Mos protooncogene subfamily; and orphan forms such
as the yeast weel and herpes simplex virus-US3 gene products, 181 Although
homologous in sequence and structure, the serine/threonine family of protein
kinases is heterogeneous in cellular location and functional roles. Substrates
include histone HI,182 glycogen synthase and phosphorylase b kinase from
skeletal muscle,183 pyruvate kinase,184 phosphofructokinase,185 cardiac
troponin-I, 186 myosin light chain kinase,187 rihosomal proteins, 188 myelin basic
protein. 189 and RNA polymerase II.190 Among tyrosine protein kinases are

181Hanks SK, Quinn AM, and Hunter, T, 1988. The protein kinase family: conserved features
and deduced phylogeny of the catalytic domains. Science 241:42-52.
182Langan TA, 1969. Action of adenosine 3':5' monophosphate dependent histone kinase in vivo.
J. Biol. Chem. 244:5763-65.
183Soderling TR, Hickenhottom JP, Reimann EM, Hunkeler FL, Walsh DA, and Krebs EG,
1970. Inactivation of glycogen synthetase and activation of phosphorylase kinase by muscle
adenosine S^S'-monophosphate-dependent protein kinases. J. Biol. Chem. 245:6317-28.
184Engstrom L, 1978. The regulation of liver pyruvate kinase by phosphorylationdephosphorylation. Curr. Top. Cell. Regul. 13:29-51.
183Riquelme PT, Hosey MM, Marcus F, and Kemp RG, 1978. Phosphorylation of muscle
phosphofructokinase by the catalytic subunit of cyclic AMP-dependent protein kinase.
Biochem. Biophys. Res. Commun. 85:1480-87.
186Stull JT, and Buss JE, 1977. Phosphorylation of cardiac troponin by cyclic adenosine S^S'monophosphate-dependent protein kinase. J. Biol. Chem. 252:851-57.
187Adelstein RS, Conti MA, Hathaway DR, and Klee CB, 1978. Phosphorylation of smooth
muscle myosin light chain kinase by the catalyic subunit of adenosine 3'^'-monophosphatedependent protein kinase. J. Biol. Chem. 253:8347-50.
188Chihara-Nakashima M, Hashimoto E, and Nishizuka Y, 1977. Intrinsic activity of guanosine
3':5' monophosphate dependent protein kinase similar to adeonsine 3‘:5‘-monophosphatedependent protein kinase. II. Phosphorylation of rihosomal proteins. J. Biochem. 81:186367.
189 C arnegie PR, Kemp BE, Dunkley PR, and Murray AW, 1973. Phosphorylation of myelin
basic protein by an adenosine 3':5'-cyclic monophosphate-dependent protein kinase.
Biochem. J. 135:569-72.
190Kranias EG, Schweppe JS, and Jungman RA, 1977. Phosphorylative and functional
modifications of nucleoplasmic RNA polymerase II by homologous adenosine 3':5'
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included the Src subfamily, including v-onc and c-onc forms; the Abl
subfamily; the epidermal growth factor receptor subfamily (including Neu
c-oncogene); the insulin receptor subfamily; and the platelet-derived growth
factor receptor subfamily. Tyrosine protein kinases include a number of
membrane-bound and receptor-associated proteins, many of which appear to be
involved in the regulation of cell growth and activation. Substrates for many of
these protein kinases are still unknown.
Phosphorylation of connexin protein may be a significant mechanism for
regulation at any of the levels discussed above, including co-translational
folding in the endoplasmic reticulum, translocation, gating, assembly, and
degradation. Phosphorylation may act by priming the immature connexin
protein product for interaction with another element (e.g., an enzyme or a
chaperonin), or by stabilizing its conformation, either by creating a new
hydrophilic domain, or by setting up a direct electrostatic interaction with
positively charged residues elsewhere on the molecule or in the dodecamer, or
with complexed cations, such as calcium or magnesium ions. These interactions
may be long-term (stable), as would be expected if their action is to stabilize
tertiary or quaternary structures, or short-term (labile), if they are subject to
rapid reversal by cellular phosphatases.

b. cAMP-dependent protein kinase (protein kinase A). cAMPdependent protein kinases are a subfamily of homologous serine/threonine
protein kinases, which are activated by cAMP. In its inactive form, the catalytic

monophosphate-dependent protein kinase from calf thymus and by heterologous
phosphatase. J. Biol. Chem. 252:6750-58.
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subunit of this class of enzymes is complexed with a regulatory subunit.
Binding of cAMP to the regulatory subunit has been widely described as
leading to dissociation of the regulatory and catalytic subunits, freeing the
active site of the catalytic subunit, according to the following scheme: 191

R2C2 (inactive holoenzyme) + 4cAMP <-> R2'cAMP4 + 2C (active catalytic
subunit)

Free catalytic subunit has been observed to translocate to the nucleus,192
where one substrate is the so-called cAMP response element-binding protein, a
nuclear protein which has been shown to transactivate cAMP-inducible
promoters when activated by phosphorylation.
Recent observations of persistent dipolar resonance energy transfer
between the regulatory and catalytic subunits suggests that the subunits may
not physically dissociate. Johnson et al. monitored energy transfer between
catalytic and regulatory subunits derivatized with carboxyfluorescein and
sulforhodamine, respectively, and found that, under equilibrium conditions,
addition of cAMP increased the distance between the labeled sites on the
subunits, but did not bring about dissociation of the subunits themselves.193
More recently, Yang et aL measured time-resolved emission anisotropy of the

191 Glass DB, and Krebs EG, 1980. Protein phosphorylation catalyzed by cyclic AMP-dependent
and cyclic GMP-dependent protein kinases. Ann. Rev. Pharmacol. Toxicol. 20:363-88.
192Meinkoth JL, Ji M, Taylor SS, and Feramisco JR, 1990. Dynamics of the distribution of
cyclic AMP-dependent protein kinase in living cells. Proc. Natl. Acad. Sci. USA 87:95959599.
193 Johnson DA, Leathers VL, Martinez AM, Walsh DA, and Fletcher WH, 1993. Fluorescence
resonance energy transfer within a heterochromatic cAMP-dependent protein kinase
holoenzyme under equilibrium conditions: new insights into the conformational changes that
result in cAMP-dependent activation. Biochemistry 32:6402-10.
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holoenzyme of cAMP-dependent protein kinase, to determine the rotational
mobility of carboxyflucrescein-labeled catalytic subunit, and found that cAMP
did not induce subunit dissociation.194
At least two types of cAMP-dependent protein kinases have been
described in mammals. Type I binds MgATP, and Type II is
autophosphorylated on the regulatory subunit. Both types have been described
as preferentially phosphorylating substrates with the consensus sequences
RRXS or KRXXS. At least three heat-stable inhibitor proteins, specific for
cAMP-protein kinase, have been isolated from muscle, brain, heart, and testis.
These appear to resemble high-affinity substrates, and act as competitive
inhibitors of the catalytic subunit. 195

c. Early Studies on the Regulation of Connexin Activity by
Phosphorylation. Evidence for a positive effect of cyclic nucleotides on gap
junctional coupling antedates molecular characterization of the connexin family
of proteins. As early as 1974, Hax et al. noted a rapid increase in electrical
coupling when salivary gland cells of Drosophila hydei larvae were bathed in
medium containing cAMP analogs or theophylline, a phosphodiesterase
inhibitor.196 Given the then current state of knowledge, it was theorized that
the observed effects were mediated through changes in membrane lipids, with
increased cAMP levels activating phospholipase A, and with decreased cAMP

194 Yang S, Fletcher WH, and Johnson DA, 1995. Regulation of cAMP-dependent protein kinase:
enzyme activation without dissociation. Biochemistry 34:6267-71.
195Demaille JG, Peters KA, and Fischer EH, 1977. Isolation and properties of the rabbit
skeletal muscle protein inhibitor of adenosine 3':5'-monophosphate-dependent protein
kinases. Biochemistry 16:3080-86.
196 Hax WMA, van Venrooij GEPM, Vossenberg JBJ 1974. Cell communication: a cyclic-AMP
mediated phenomenon. J. Memhr. Biol. 19:253-66.
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levels permitting activation of acyltransferase. A more definitive series of
observations was published subsequently, by Loewenstein and his
collaborators, who showed that gap junctional permeability and the number of
junctional membrane particles were increased by cAMP, as well as by the
phosphodiesterase-resistant analog dibutyryl cAMP, and by the
phosphodiesterase inhibitor caffeine.197 The increase in junctional permeability
was observed after a lag time of around four hours, and was sensitive to
cycloheximide, suggesting that it was dependent upon protein synthesis. After a
similar lag time, the same increase in junctional permeability could be seen in
CL-ID cells, a communication-deficient rat fibroblastic cell line.198 Similarly,
direct introduction of the catalytic subunit of protein kinase A, using a reverse
permeation technique, was able to restore communication in cells from a
mutant CHO line (clone #10260), which were deficient in both protein kinase
A activity and in cell-cell communication.199 The observed lag period was again
on the order of four to four-and-a-half hours. These experiments can be
interpreted as offering evidence for a positive effect of cAMP on de novo
synthesis of connexin protein. However, no evidence was shown for the direct
phosphorylation of connexin protein itself.
Improvements in the isolation of connexin protein from intact membranes,
and the cloning and characterization of the first connexin sequence

197Flagg-Newton JL, Dahl G, Loewenstein WR 1981. Cell junction and cyclic AMP. I.
Upregulation of junctional membrane permeability and junctional membrane particles by
administration of cyclic nucleotide or phosphodiesterase inhibitor. J. Membr. Biol.
63:105-21.
198Azarnia R, Dahl G, Loewenstein WR 1981. Cell junction and cyclic AMP. III. Promotion of
junctional membrane permeability and junctional membrane particles in a junction-deficient
cell type. J. Membr. Biol. 63:133-46.
199 Wiener EC, Loewenstein WR 1983. Correction of cell-cell communication defect by
introduction of protein kinase into mutant cells. Nature 305:433-5.
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(connexin32), led rapidly to the observation that connexin protein could indeed
serve as a substrate for phosphorylation. In a primary hepatocyte culture, Saez
et al. were able to demonstrate increased gap junctional conductance within a
period of several minutes after the addition of cAMP analogs or glucagon (an
activator of adenylate cyclase in hepatocytes).200 This effect could be blocked
by the addition of an inhibitor protein of protein kinase A. An in vitro assay
using the catalytic subunit of protein kinase A to phosphorylate purified gap
junction protein gave disappointing results, however, with an observed
stoichiometry of only 0.025 moles of phosphate per mole of protein. This was
the first direct evidence that any connexin protein could act as a substrate for
a specific protein kinase. Shortly afterward, Takeda et al. were able to
demonstrate a much higher stoichiometry of 0.33 moles of phosphate per mole
of connexin32 protein;201 phosphoamino acid analysis indicated that only serine
residues were being phosphorylated. Traub et ah also showed that, in
cultured mouse hepatocytes, dibutyryl cAMP-induced increase in connexin32
synthesis was accompanied by a 2.7-fold increase in connexin32 protein
phosphorylation within 15 minutes of treatment. A 3-fold increase was still
demonstrable 3 hours after treatment.202 Localization of the phosphorylation
site was attempted by Takeda et al., who showed that an antibody to the
carboxyl terminus of connexin32 could block in vitro phosphorylation by

200Saez JC, Spray DC, Nairn AC, Hertzberg E, Greengard P, Bennett MVL 1986. cAMP
increases junctional conductance and stimulated phosphorylation of the 27kDa principal
gap junction polypeptide. Proc. Natl. Acad. Sci. USA 83:2473-7.
201Takeda A, Hashimoto E, Yamamura H, Shimazu T 1987. Phosphorylation of liver gap
junction protein by protein kinase C. FEBS Lett. 210:169-72.
202Traub O, Look J, Paul D, Willecke K 1987. Cyclic adenosine monophosphate stimulated
biosynthesis and phosphorylation of the 26 kDa gap junction protein in cultured mouse
hepatocytes. Eur. J. Cell Biol. 43:48-54.
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protein kinase A.203 Saez et al. later refined these results. After connexin32
from purified rat liver gap junctions was shown to be phosphorylated by
protein kinase A, by protein kinase C, and by calcium-calmodulin dependent
protein kinase II, 204 a synthetic peptide corresponding to residues 228 to 239
of the carboxyl terminal sequence of connexin32 was also shown to be
phosphor ylated in vitro by both protein kinase A and protein kinase C (but not
by calcium-calmodulin dependent protein kinase II). Direct amino acid
sequencing showed that Ser233 was the phosphor ylated residue. Treatment of
rat hepatocytes with forskolin, a global activator of protein kinase A, and 20deoxy-20-oxophorbol 12,13-dibutyrate (PDBt), an activator of protein kinase C,
also induced in vivo phosphorylation of connexin32 on one or more serine
residues in the region of the synthetic peptide. PDBt treatment also led to
phosphorylation of connexin32 at a site elsewhere in the protein; unlike other
phorbol esters, it did not decrease dye coupling in this cell preparation.
Interestingly, studies similar to these have failed to demonstrate
phosphorylation of another liver gap junction protein, connexin26, which lacks
an extensive cytoplasmic tail domain.205’206

203Takeda A, Kanoh M, Shimazu T, Takeuchi N 1988. Monoclonal antibodies recognizing
different epitopes of the 27-kDa gap junction protein from rat liver. J. Biochem. 104:901-7.
204Saez JC, Nairn AC, Czernik AJ, Spray DC, Hertzberg EL, Greengard P, and Bennett MV
1990. Phosphorylation of connexin 32, a hepatocyte gap-junction protein, by cAMPdependent protein kinase, protein kinase C and Cx2+/cahnodulin-dependent protein kinase
II. Eur. J. Biochem. 192(2):263-73.
205Traub 0, Look J, Dermietzel R, Brummer F, Hulser D, Willecke K 1989. Comparative
characterization of the 21-kD and 26-kD gap junction proteins in murine liver and cultured
hepatocytes. J. Cell Biol. 108:1039-51.
206Saez JC, Nairn AC, Czernik AJ, Spray DC, Hertzberg EL, Greengard P, and Bennett MV
1990. Phosphorylation of connexin 32, a hepatocyte gap-junction protein, by cAMPdependent protein kinase, protein kinase C and Cx2+/calmodulin-dependent protein kinase
II. Eur. J. Biochem. 192(2):263-73.
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Protein kinase A and its activators do not invariably have a positive
effect on cell-cell communication. Indeed, increased cAMP levels, or
microinjection of the catalytic subunit of protein kinase A, have been
associated with rapid uncoupling in horizontal cells of the white bass (piscine)
retina,207’208 and Cole and Garfield showed that, in myometrium, gap junctional
permeability is decreased in response to cAMP analogs, to phosphodiesterase
inhibitors, and to relaxin,209 a peptide hormone which has been shown to
activate myometrial adenylate cyclase.210 Thus, one must be cautious in
generalizing the effects of any given protein kinase or protein kinase modulator
from one context to another. Different tissues express different populations of
connexins, each of which may respond quite differently to a given stimulus;
furthermore, the set of protein kinases, or of isoforms of any given protein
kinase, which are able to interact with a given hormone or second messenger
may differ markedly in composition from cell to cell, as may their distribution
among various cell compartments. Then again, a single protein kinase, once
activated, may act at different levels within the cell, some of which may be
opposed (e-g-, activation may increase mRNA levels over a period of hours,
while decreasing permeability over a period of minutes). These differences are
all further complicated by the fact that, even for a defined cell type,
phenotype is often altered by conditions of culture and treatment; for example.
207Lasater EM, Dowling JE 1985. Electrical coupling between pairs of isolated fish horizontal
cells is modulated by dopamine and cAMP. In: Bennett MVL, Spray DC (eds.) Gap
Junctions. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, p. 393.
208Lasater EM 1987. Retinal horizontal cell gap junctional condunctance is modulated by
dopamine through a cyclic AMP-dependent protein kinase. Proc. Natl. Acad. Sci. USA
84:7319-23.
209Cole WC, Garfield RE 1986. Evidence for physiological regulation of myometrial gap
junction permeability. Am. J. Physiol. 251:C411-20.
210Sanborn BM 1986. The role of relaxin in uterine function. In Huszar G (ed.): Physiology and
Biochemistry of the Uterus in Pregnancy and Labor. Boca Raton, CRC Press, 1986, p 225.
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in primary culture, rat hepatocytes initially cease expressing connexin32, then
re-express it, and still later express connexin43 in place of connexin32.211

d. Protein kinase C. Phorbol esters, which are activators of protein
kinase C, have long been noted to inhibit gap junction-mediated cell-cell
communication, as measured by assays of metabolic cooperation,212’213
electrical coupling. 214 dye transfer,215 or freeze-fracture quantitation of
connexon particles in junctional membranes.216 Effects on electrical coupling
are rapid, and can be observed within five to ten minutes. These negative
effects can be blocked by the addition of cAMP analogs, given either
simultaneously or immediately before treatment with phorbol esters.217’218 ,219
As in the case of protein kinase A, Takeda et al. were able to block protein
kinase C phosphorylation of purified connexin32 protein in vitro, using

211 Stagg RB and Fletcher WL, 1990. The hormone-induced regulation of contact-dependent
cell-cell communication by phosphorylation. Endocr. Rev. 11:302-25.
212Murray AW, Fitzgerald DJ 1979. Tumor promoters inhibit metabolic cooperation in
cocultures of epidermal and 3Y3 cells. Biochem. Biophys. Res. Commun. 91:395-401.
213Yotti LP, Chang CC, Trosko JE 1979. Elimination of metabolic cooperation in Chinese
hamster cells by a tumor promoter. Science 206:1089-91.
214Enomoto T, Saski Y. Shiba Y, Kanno Y, Yamasaki H 1981. Tumor promoters cause a rapid
and reversible inhibition of the formation and maintenance of electrical cell coupling in
culture. Proc. Natl. Acad. Sci. USA 7 8:5628-32.
215Fitzgerald DJ, Knowles SE, Ballard FJ, Murray AW 1983. Rapid and reversible inhibi
tion of junctional communication by tumor promoters in a mouse cell line. Cancer Res.
43:3614-8.
216Yancey SB, Edens JE, Trosko JE, Change C-C, Revel J-P 1982. Decreased incidence of gap
juctions between Chinese hamster V-7 9 cells upon exposure to the tumor promoter 12-otetradecanoyl-phorbol-13-acetate. Exp. Cell. Res. 139:329-40.
217Enomoto T, Martel N, Kanno Y, Yamasaki H 1984. Inhibition of cell communication between
Balb/c 3T3 cells by tumor promoters and protection by cAMP. J. Cell. Physiol. 121:32333.
218Kanno Y, Enomoto T, Shiba Y, Yamasaki H 1984. Protective effect of cAMP on tumor
promoter-mediated inhibition of cell-cell communication. Exp. Cell. Res. 152:31-7.
219Gainer H StC, Murray AW 1986. The effect of cAMP on tumour promoter responses
mediated by C-kinase. Exp. Cell Res. 166:171-9.
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monoclonal antibodies to the carboxyl terminal domain, 220 Analysis of protease
digests of phosphorylated connexin32 also showed labelled phosphate localized
within a fragment of the carboxyl terminal domain. Using a rat hepatocyte
model, this same group reported that phorbol esters and diacylglycerol
stimulated the phosphorylation of connexin32 within a 10-kDa terminal
fragment. Epinephrine induced a similar response, but its effect could be
blocked by the protein kinase C inhibitor staurosporine. More recently, Elvira
et al. found that phosphorylation by protein kinase C, but not by protein
kinase A, inhibited proteolysis by mu-calpain and m-calpain (though not by less
selective proteases such as papain, alpha-chymotrypsin, proteinase K, or

trypsin). 221 Since proteolysis by calpains has been proposed to be one pathway
for the degradation of membrane-bound proteins, this study may be seen as
intriguing, albeit circumstantial, evidence implicating protein kinase C as a
potential modulator of the turnover of connexin32, and perhaps of other
connexins as well.

6. Regulation of Connexin43 by Phosphorylation
a. In Vivo Phosphorylation. Direct evidence that connexin43 is a
phosphoprotein has been extant for some time. Not long after the initial cloning
of connexin43. Crow et ah used immunoblotting of connexin43 protein from rat
heart and vole fibroblasts, to show that connexin43 existed in vivo in 43, 45

220Takeda A, Saheki S, Shimazu T, and Takeuchi N 1989. Phosphorylation of the 27-kDa gap
junction protein by protein kinase C in vitro and in rat hepatocytes. J. Biochem. Tokyo
106(4):723-7.
221Elvira M, Diez JA, Wang KK, and Villalobo A 1993. Phosphorylation of connexin-32 by
protein kinase C prevents its proteolysis by mu-calpain and m-calpain. J. Biol. Chem.
268(19):14294-300.
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and 47 kDa forms, with the 45 and 47 kDa forms representing serinephosphorylated protein, 222 Shortly afterward, Musil, Beyer and Goodenough
used immunoblotting of embryonic chick lens cells to show that connexin43
was initially synthesized as a 42 kDa species, which was then phosphorylated
to a 45 kDa form.223 Subsequently, Musil et al. showed that in a
communication-competent cell line, connexin43 was synthesized as a 42 kDa
form, termed "NP", which was phosphorylated to a 46 kDa form, designated
"P2".224 Two communication-deficient cell lines, SI80 and L929, failed to
process connexin43 to the P2 form, and also failed to form junctional plaques.
Since these cell lines were also considered to be deficient in expression of
cellular adhesion molecules, the SI 80 line was transfected with DNA
expressing L-CAM. The transformed cells, designated SI SOL, were observed to
process connexin43 to the P2 form, to form junctional plaques, and to be
communication competent, as assayed by dye transfer. These results provide
evidence that phosphorylation to the P2 form is strongly correlated with, if not
an absolute prerequisite for, formation of functional connexin43 gap junctions.
They have also been generalized, with far less justification, to argue that
expression of cell adhesion molecules per se is a prerequisite for connexin
function. Shortly afterward, Musil and Goodenough used cell fractionation
studies to show that the 42 kDa NP form of connexin43 was found mainly in

222 Crow DS, Beyer EC, Paul DL, Kobe SS, and Lau AF, 1990. Phosphorylation of connexin43
gap junction protein in uninfected and Rous sarcoma virus-transformed mammalian
fibroblasts. Molec. Cell. Biol. 10:1754-63.
223Musil LS, Beyer EC, and Goodenough DA 1990. Expression of the gap junction protein
connexin43 in embryonic chick lens: molecular cloning, ultrastructural localization, and
post-translational phosphorylation. J. Membr. Biol. 116(2):163-7 5.
224Musil LS, Cunningham BA, Edelman CM, and Goodenough DA 1990. Differential
phosphorylation of the gap junction protein connexin43 in junctional communicationcompetent and -deficient cell lines. J. Cell. Biol. 111(5 Pt l):2077-88.
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the cytosolic (Triton-soluble) fraction, while the phosphorylated 46 kDA P2
species was localized mainly in the biotinylated, membrane-bound, Tritonresistant junctional plaques. 225 In this study, it was found that, in SI80 and
L929 cells, connexin43 was transported to the cell surface, but remained in
the 42 kDa NP form. Taken together, these results are consistent with the
hypothesis that phosphorylation from the 42- to the 46-kDa form is required for
connexin43 activity, but not specifically for transport to the cell surface; and
that such phosphorylation takes place after transport has occurred — quite
possibly during the assembly of connexin43 into functional gap junctions.
Other studies soon indicated that connexin43 was phosphor ylated in a
wide range of tissues. Kadle et al. used connexin43 immunoblots to show that
a relatively highly phosphorylated form, which in their preparation migrated as
a 43 kDa species, was found in heart, brain, retina, and uterus.226 This could
be converted by alkaline phosphatase treatment to a doublet of forms migrating
as 39 and 40 kDa species, suggesting that the 43 kDa form was multiply
phosphorylated. In primary tissues, the 43 kDa and 39/40 kDa forms were
present in varying proportions, with connexin43 appearing mostly as the
43 kDa form in heart, and mostly as the 39/40 kDa form in brain. Lau et aL
showed that in both primary heart tissue and cultured myocytes, connexin43
was phosphorylated to species which migrated at 45 and 47 kDa in their
preparation. 227 Phosphoamino acid analysis indicated that most of this

22^Musil LS, and Goodenough DA 1991. Biochemical analysis of connexin43 intracellular
transport, phosphorylation, and assembly into gap junctional plaques. J. Cell. Biol.
115(5):1357-74.
226Kadle R, Zhang JT, and Nicholson BJ 1991. Tissue-specific distribution of differentially
phosphorylated forms of Cx43. Mol. Cell. Biol. ll(l):363-9.
227Lau AF, Hatch-Pigott V, and Crow ES 1991. Evidence that heart connexin43 is a
phosphoprotein. J. Mol. Cell. Cardiol. 23(6):659-63.
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phosphorylation was on serine residues, with a low level of phosphothreonine
noted in the 47 kDa form. Laird et aL used metabolic labelling of cultured
cardiomyocytes with ^S-methionine |0 show the presence of 40 and 42 kDa
species; the 42-kDa form could be converted to the 40 kDa form by alkaline
phosphatase.228 Metabolic labelling with 32P-ATP gave bands which migrated
at 42 and 44 kDa, both of which were sensitive to phosphatase. The turnover
rate of incorporated radiolabelled phosphate in this preparation was estimated
at 1-2 hours, which was equivalent to the estimated half-life of connexin43
protein itself.
In summary, a number of studies have consistently indicated that
functional connexin43 is a phosphoprotein, both in primary tissues and in
cultured cells. Connexin43 contains 36 serine, 13 threonine and 14 tyrosine
residues, most of which are located in the putative carboxyl tail domain. Any of
these are, at least hypothetically, candidate sites for phosphorylation. At
present, however, there is little evidence to indicate which, or how many,
residues are phosphorylated, or which protein kinases may be responsible for
phosphorylation. Presumptive candidate enzymes include protein kinase A,
protein kinase C, cGMP-dependent protein kinase, cyclin-dependent protein
kinases such as MAP-II protein kinase, and the extensive family of tyrosine
kinases. However, assignment of roles to any of these candidates is made
difficult by a lack of knowledge as to the subcellular localization and levels of
activity of each of these enzymes. The most suggestive evidence to date derives
from the functional studies described below; however, examination of the

228Laird DW, Puranam KL, and Revel J-P 1991. Turnover and phosphorylation dynamics of
connexin43 gap junction protein in cultured cardiac myocytes. Biochem. J. 273(Ptl):67-72.
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primary structure of connexin43 reveals that several of the potentially
phosphorylatable serine residues do occur within consensus sequences for
phosphorylation by protein kinases A and C. The most striking example of this
is the sequence -(Arg-X-Ser-Ser)3- which occurs in three tandem repeats
flanked by Pro^^ and Pro^^ in the distal carboxyl tail region. Saez et al.
carried out in vitro phosphorylation of synthetic peptides corresponding to this
sequence, and showed that protein kinase C phosphorylated at residues
corresponding to Ser368 and Ser372; however, these investigators were
unable to demonstrate phosphorylation by protein kinase A. More recently,
Shah et al. used a peptide nn-RPSSRASSRASS-nnn, corresponding to residues
360-37 6, as a substrate for an in vitro protein kinase A phosphotransferase
assay (M.M. Shah, personal communication). The synthetic peptide
incorporated radiolabelled phosphate in a time-dependent manner, with
apparent first-order kinetics over a time course of 240 minutes, in an amount
equivalent to 65% of that incorporated by an equal concentration of Kemptide,
a standard substrate with a stoichiometry of 1 mole of phosphate per mole of
peptide. A Lineweaver-Burk plot of the initial reaction velocity at substrate
concentrations varying from 60 to 200 pM (see Figure 4) gave an estimated
apparent Km of 488 pM, a value which is comparable to most substrates for
cAMP-dependent protein kinase229. The Kcat appeared to be on the order of
1.7 per minute, a low value, which was likely to be an artifact due to a high
affinity of enzyme for the phosphorylated peptide product, or to a low affinity
for the non-phosphorylated peptide, in comparison with the native protein.
229 DA Walsh, DB Class and RD Mitchell, Substrate diversity of cAMP-dependent protein
kinase: regulation based upon multiple binding interactions. Curr. Opin. Cell Biol. 4:241251 (1992).
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Such artifacts would not be surprising, insofar as most enzymes are believed to
recognize three-dimensional tertiary structure rather than primary sequence per
se. Phosphoaminoacid sequencing showed that nearly all of the phosphate was
incorporated at sites corresponding to Ser364 and Ser365. While one must be
cautious in generalizing peptide data to behavior of the native protein, the
results cited suggest that protein kinases A and C are capable of phosphorylating connexin43 under appropriate circumstances.
Another unresolved question concerns the stability of phosphorylation at
each site. As noted above, Laird et al. found that phosphate incorporated into
the 44-kDa species of connexin43 had a half-life equivalent to that of the
protein itself. The work of Musil and Goodenough indicated that most of the
connexin43 localized in junctional plaques is of the phosphorylated form. On
the other hand, electrophysiological studies indicate a mean channel open time
of 0.95 sec, with an estimated 17% of channels open at any given moment.230
Response of junctional permeability to protein kinases or to alkaline
phosphatase (discussed below) is also quite rapid, with maximal effects noted
within two to five minutes. If one is to hypothesize that phosphorylation of
connexin43 protein induces changes in the open or closed state of individual
channels, or is at least responsible for the observed changes in junctional
permeability, then one must explain the apparent contradiction that baseline
phosphorylation of connexin43 appears to be very stable. One way to reconcile
these observations is to hypothesize that connexin43 undergoes at least two
types of phosphorylation, involving at least two sites, and at least two sets of

230Burt JM, and Spray DC, 1988. Single-channel events and gating behavior of the cardiac gap
junction channel. Proc. Natl. Acad. Sci. USA 85(10):3431-4.
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protein kinases. At one of these sites, phosphorylation is stable, and is
conceivably related to maintaining a conformation which permits connexin43
monomers to assemble themselves into functional gap junctions. At the other
site(s), phosphorylation is labile, and the net phosphorylation state at any given
moment in time represents a dynamic equilibrium between phosphorylation and
dephosphorylation by rapidly acting protein kinases and phosphatases which
are associated with the cell membrane. Such an equilibrium could ideally
match the beat-to-beat changes in physiological performance and metabolic load
which occur in a tissue such as the heart. Inasmuch as the in vivo studies cited
above are based on immunoblotting of connexin43 protein purified from cell
lysates, a technique requiring minutes before endogenous phosphatases could
be expected to be reliably neutralized, it could be stated that these studies, by
their very design, are likely to reflect phosphorylation primarily at stable sites.
Labile phosphorylation, with turnover rates on the order of a second or less,
would be observable only if specifically sought, by means designed
appropriately for this purpose.
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b. Functional Studies.
i. Cyclic-Nucleotide-Dependent Protein Kinases. Goshima first
reported that, in cultured neonatal murine cardiomyocytes, dibutyryl cAMP
and dibutyryl cGMP had positive and negative effects, respectively, on beat
rate.231 Interestingly, while epinephrine increased the beat frequency of
neonatal cells, it had no effect on embryonic murine cardiomyocytes. Somewhat
later, DeMello observed a rapid increase in cell-cell communication, as
measured either by electrical conductance or dye transfer, when cAMP was
microinjected directly into cardiomyocytes.232’233 Burt and Spray refined these
observations, by showing that, in voltage-clamped cardiomyocyte pairs, either
cAMP, 8-bromo-cAMP, or the beta-adrenergic agonist isoproterenol could
increase gap junctional conductance by as much as 40%, with a time course
comparable to that of the inotropic effects of these agents.234 On the other
hand, cGMP, 8-bromo-cGMP, or carbachol reduced conductance by 20%.
Takens-Kwak and Jongsma showed that at least part of this effect could be due
to changes at the level of individual channels: in a voltage-clamped
preparation of neonatal rat heart cells, they found that cGMP decreased single
channel conductance from 43 to 21 pS; phosphatase, on the other hand,
increased single-channel conductance from 43 to 70 pS, and could also block
the effect of cGMP.235 An important technical improvement was introduced by
231Goshima K 1976. Antagonistic influences of dibutyryl cyclic AMP and dibutyryl cyclic GMP
on the beating rate of cultured mouse myocardial cells. J. Mol. Cell. Cardiol. 8(9):7 13-25.
232DeMello WC 1984. Effect of intracellular injection of cAMP on the electrical coupling of
mammalian cardiac cells. Biochem. Biophys. Res. Commun. 119:1001-7.
233DeMello WC, van Loon P 1987. Further studies on the influence of cyclic nucleotides on
junctional permeability in heart. J. Mol. Cell. Cardiol. 19:7 63-7 1.
234Burt JM, and Spray DC 1988. Inotropic agents modulate gap junctional conductance
between cardiac myocytes. Am. J. Physiol. 254(6 Pt 2):H1206-10.
235Takens-Kwak BR, and Jongsma HJ 1992. Cardiac gap junctions: three distinct single channel
conductances and their modulation by phosphorylating treatments. Pflugers Arch.
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Fletcher et al.y who began microinjecting purified catalytic subunit of protein
kinase A (which, lacking the regulatory subunit, was fully activated),236 as
well as a specific inhibitor protein of protein kinase A, 237 directly into target
cells. By doing so, he and his co-workers bypassed potential side-effects due to
the use of global activators, such as activation of phosphodiesterase. Using
primary porcine ovarian granulosa cells, these investigators showed that
microinjection of protein kinase A catalytic subunit restored significant dye
transfer within 2-5 minutes in cells which had been rendered communicationincompetent by previous microinjection of protein kinase A inhibitor protein; a
similar reversal could be achieved indirectly by adding follicle-stimulating
hormone (an activator of adenylate cyclase in ovarian granulosa cells) to the
medium.238 Microinjection of protein kinase A catalytic subunit could similarly
reverse the blockade of dye transfer induced by microinjection of
phosphoprotein phosphatase, or by treatment of the medium with the tumor
promoter 12-O-tetradecanoylphorbol-13-acetate. This series of experiments
provided the most specific evidence to date for a positive regulatory effect by
protein kinase A on connexin4 3-mediated cell-cell communication — an effect
which is essentially complete within 2-5 minutes.
ii. Protein Kinase C. As was the case for cyclic nucleotidedependent kinases, the seminal study was published by Goshima, long before
422(2):198-200.
236Fletcher WH, Van Patten SM, Cheng H-C, Walsh DA 1986. Cytochemical identification of
the regulatory subunit of the cAMP-dependent protein kinase by use of fluorescently
labeled catalytic subunit: examination of protein kinase dissociation in hepatoma cells
responding to 8-Br-cAMP stimulation. J. Biol Chem. 261:5504-13.
237Cheng H-C, Van Patten SM, Smith AJ, Walsh DA 1985. An active twenty-amino-acid residue
peptide derived from the inhibitor protein of the cyclic AMP-dependent protein kinase.
Biochem. J. 231:655-61.
238Stagg RB and Fletcher WH, 1990. The hormone-induced regulation of contact-dependent
cell-cell communication by phosphorylation. Endocr. Rev. 11:302-25.
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the characterization of connexin43 or protein kinase C. In a co-culture of rat
cardiomyocytes and fibroblastic FL cells, he observed that occasionally an FL
cell could bridge two heart cells, and in such cases the beating of the heart
cells was synchronized.239 This synchronization, however, could be blocked by
treatment of the cells with phospholipase C, now known to be an activator of
protein kinase C. More recently, several groups of investigators have made use
of tumor promoters, such as the phorbol ester 12-O-tetradecanoylphorbol-13acetate (TPA), which have been shown to activate protein kinase C. For
example, Asamoto et al. showed that, in the connexin43-expressing rat liver
cell line IAR-20, TPA decreased cell-cell communication within 60 minutes.240
Although the number of junctional plaques decreased significantly, no change
was seen in mRNA levels, or total cellular connexin43 protein levels.
Brissette et al. showed a rapid increase in serine phosphorylation of connexin43
within 5 minutes after treatment of mouse primary keratinocytes with TPA. 241
Overall expression of connexin43 was observed to decrease dramatically, but
only after a lag time of nearly 24 hours. Transformation of primary
keratinocytes with the ras oncogene also led to increased serine
phosphorylation of connexin43, but this was associated with only a slight
decrease in levels of connexin43 expression. Reynhout et al. showed a
dramatic decrease in dye transfer after treatment of cultured bovine lens cells

239 Goshima K 1971. Synchronized beating of myocardial cells mediated by FL cells in
monolayer culture and its inhibition by trypsin-treated FL cells. Exp. Cell. Res. 65:161-9.
240Asamoto M, Oyamada M, el Aoumari A, Gros D, and Yamasaki H 1991. Molecular
mechanisms of TPA-mediated inhibition of gap-junctional intercellular communication:
evidence for action on the assembly or function but not the expression of connexin 43 in rat
liver epithelial cells. Mol. Carcinog. 4(4):322-7.
24^Brissette JL, Kumar NM, Gilula NB, and Dotto GP 1991. The tumor promoter 12-0tetradecanoylphorbol-13-acetate and the ras oncogene modulate expression and
phosphorylation of gap junction proteins. Mol. Cell. Biol. 11(10):5364-71.
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with TPA.242 The effect was maximal at one hour, and was accompanied by an
increase in connexin43 phosphorylation. More recently, Kenne et al. treated a
culture of connexin43-expressing rat liver cells with TPA, and observed a
90% decrease in dye transfer within 5 minutes.243 Immunoblots of cell lysates
showed increased connexin43 phosphorylation. Both dye transfer and
phosphorylation levels returned to normal after 4 hours. Finally, Godwin et ah
utilized direct microinjection of purified protein kinase C in primary porcine
ovarian granulosa cells244 and rabbit myometrial cells.245 In the latter case,
protein kinase C inhibited dye transfer, with an effect which could be reversed
in less than three minutes by microinjection of a specific inhibitor protein of
protein kinase C. In ovarian granulosa cells, protein kinase C decreased
communication in untreated cells, but restored communication within 2-3
minutes to cells which had been pretreated with alkaline phosphatase. This
suggested that the effect of protein kinase C was dependent upon the prior
phosphorylation state of the the connexin43 protein — that is, that
phosphorylation was hierarchical.
iii. Growth Factors. Addition of growth factors to the medium of
cultured cells can profoundly affect gap-j unction-mediated cell-cell
communication. Lau et al. used epidermal growth factor to stimulate T 51B rat
242Reynhout JK, Lampe PD, and Johnson RG 1992. An activator of protein kinase C inhibits
jap junction communication between bovine lens cells. Exp. Cell Res. 198(2):337-42.
243Kenne K, Fransson-Steen R, Honkasalo S, and Warngard L, 1994. Two inhibitors of gap
junctional intercellular communication, TPA and endosulfan: different effects on
phosphorylation of connexin 43 in the rat liver epithelial cell line, IAR 20. Carcinogenesis
15(6):1161-5.
244Codwin AJ, Green LM, Walsh MP, McDonald JR, Walsh DA, and Fletcher WH, 1993. In situ
regulation of cell-cell communication by the cAMP-dependent protein kinase and protein
kinase C. Mol. Cell. Biochem 127-128:293-307.
245Nnamani C, Godwin A, Ducsay CA, Longo LD, and Fletcher WH, 1994. Regulation of cell
cell communication mediated by connexin43 in rabbit myometrial cells. Biol. Reprod.
50(2):377-89.
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liver epithelial cells, which express connexin43.246 They noted a transient
decrease in gap junctional conductance, without any alteration in the
junctional plaques themselves. Connexin43 phosphorylation was markedly
increased, and a new phosphorylation species appeared on immunoblots.
Phosphoamino acid analysis indicated that only serine residues were
phosphorylated. Recovery to the baseline state could be blocked by the
application of okadaic acid, an inhibitor of serine/threonine phosphatases.
These results suggested that EGF induced reversible serine phosphorylation,
which had a negative effect on gap-junctional coupling.
iv. Tyrosine Protein Kinases. In an elegant early study, Atkinson
et al. examined dye transfer in LA25-NRK cells, a connexin4 3-expressing rat
kidney cell line infected with avian sarcoma virus. This virus carries a
temperature-sensitive mutant pp60v-src oncogene, whose product is a tyrosine
protein kinase active at the permissive temperature of 33°C, but not at
39°C.247 Dye transfer was observed to be lost or reduced at the permissive
temperature, but not at 39°C, suggesting that tyrosine phosphorylation of some
substrate (possibly connexin43) had an inhibitory effect on junctional
communication. Subsequently, Filson et aL examined cells transformed with
both avian and mammalian v-src oncogenes, and identified both serine and
tyrosine phosphor-ylation.248 Moreover, phosphor ylated connexin43 could be

246Lau AF, Kanemitsu MY, Kurata WE, Danesh S, and Boynton AL 1992. Epidermal growth
factor disrupts gap-junctional communication and induces phosphorylation of connexin43 on
serine. Mol. Biol. Cell 3(8):865-74.
247Atkinson MM, Menko AS, Johnson RG, Sheppard JR, Sheridan JD 1981. Rapid and
reversible reduction of junctional permeability in cells infected with a temperature-sensitive
mutant of avian sarcoma virus. J. Cell. Biol. 91:573-8.
248Filson AJ, Azarnia R, Beyer EC, Loewenstein WR, and Brugge JS 1990. Tyrosine
phosphorylation of a gap junction protein correlates with inhibition of cell-to-cell
communication. Cell Growth Differ. l(12):661-8.
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almost quantitatively precipitated from cell lysates using antibodies to
phosphotyro sine

indicating that nearly all of the connexin43 was

phosphorylated on tyrosine residues, if it was phosphorylated at all. Swenson
et aL coexpressed pp60v-src and connexins43 and32 in a Xenopus oocyte
system, and reported both tyrosine phosphorylation and decreased
communication in the case of connexin43, but not connexin32.249 A Tyr265Phe
mutation abolished both the inhibition and the tyrosine phosphorylation of
connexin43. Crow et aL trans-formed connexin43-expressing vole and mouse
fibroblasts with Rous sarcoma virus, which also carries a tyrosine kinase
oncogene. 250 They observed tyrosine phosphorylation of connexin43 in
transformed, but not in untransformed cells; as in the case of pp60v-src, this
phosphorylation was accompanied by a loss of cell-cell communication. These
experiments consistently indicate that connexin43 is at least potentially
phosphorylatable on one or more tyrosine residues, and that this
phosphorylation has a negative effect on cell-cell communication. However,
there is little or no evidence for tyrosine phosphorylation of connexin43 in nontransformed cells, and it is unclear whether the effect cited has any
significance outside of the context of neoplasia or experimental manipulation.

249 Swenson KI, Piwnica Worms H, McNamee H, and Paul DL 1990. Tyrosine phosphorylation of
the gap junction protein connexin43 is required for the pp60v-src-induced inhibition of
communication. Cell. Regul. 1(13):989-1002.
250Crow DS, Beyer EC, Paul DL, Kobe SS, and Lau AF 1990. Phosphorylation of connexin43
gap junction protein in uninfected and Rous sarcoma virus-transformed mammalian
fibroblasts. Mol. Cell. Biol. 10(4): 1754-63.
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7. Hypothesis

It is asserted that the following conclusions are supported by the
literature cited in this chapter:
(1)

That connexin 43 is a phosphoprotein, with multiple

phosphorylation states.

(2)

That connexin 43-type channels exhibit high and low resistance

(3)

That the functional state of connexin43 appears to be regulated

states.

by protein kinase-mediated phosphorylation. In most cellular contexts, cAMPdependent kinase opens channels. Protein kinase C, on the other hand, has a
variable effect, which depends on the prior phosphorylation state. Specifically,
if connexin43 has been dephosphorylated, protein kinase C tends to open
channels; while, if connexin43 has been previously phosphorylated by
treatment with activators of cAMP-dependent protein kinase, then protein
kinase C tends to close channels.

(4)

That, while the sites of phosphorylation are unknown, the long

terminal cytoplasmic domain of connexin43 contains several candidate
phosphorylation sites. Conspicuous among these is the sequence from Arg362
through Arg374, which contains three tandem repeats of the motif -(RXSS)-,
each of which comprises paired consensus sites for phosphorylation by cAMPdependent protein kinase and protein kinase C. These sites are very highly
conserved in connexin43 protein among all species so far examined.
The fundamental hypothesis of this study is formulated in an attempt to
test the physiological significance of these facts. Many of the studies cited in
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this chapter are based on experiments performed in vitro or in cultured cells.
Even though the data may be consistent and reproducible, it may still be asked
whether these experiments represent effects which are important to the
organism, and not just epiphenomena or artifacts due to non-physio logical
manipulation of artificial systems.
Without attempting to predict a priori what the physiological role of
connexin43 regulation by phosphorylation might be, it was decided to construct
the hypothesis in the simplest form possible, and to ask, "Is phosphorylationassociated regulation of connexin43 channels significant, or is it not?" Were a
good microbial model available for gap-junction regulation, one could approach
this question by selectively cultivating non-regulating spontaneous mutants
among bacteria or yeast, and then examining these for any biochemical or
phenotypical sequelae. This is a time-honored approach, yet it is unfortunately
not generally feasible for higher eukaryotes, because of the long generation
times and genomic complexity, which make the production and selection of a
sufficient number of mutants impracticable.
However, connexin43 is a unique exception, by virtue of its intimate
involvement in the moment-to-moment functioning of an exquisitely dehcate and
vital organ: the heart. Within the human population, even subtle cardiac
abnormahties, such as transient arrhythmias, or small septal or valvular
defects, are highly likely to come under the scrutiny of clinical professionals.
Major referral centers, like the pediatric transplant and adult pacemaker
programs at LLU, draw from a regional population base of several million, with
an annual birth rate of tens of thousands. Thus, even a disorder with a
prevalence of 1:10,000 to 1:100,000 can potentially be detected over a period
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of several years. Of course, this approach would likely miss any isolated non
cardiac defects, if these existed. For operational purposes, however, it seemed
reasonable to assume that any major defect in connexin43 regulation would
affect those sites where expression of connexin43 was high — including, par
excellence, the heart.
In view of the dual association of connexin43 with cardiac conduction
and cardiac development, the hypothesis may be reformulated as follows:

"A mutation in the regulatory domain of connexin43 which
results in the loss or gain of cAMP-dependent protein kinase or
protein kinase C consensus phosphorylation sites will lead to an
imbalance of regulation, tipping junctions toward a predominantly
open or closed state. This imbalance will result in either: cardiac
arrhythmias, or structural malformations of the heart, or both."

The work described below was designed to test this hypothesis in its
converse form: i.e., that at least some disturbances of cardiac conduction or
cardiac development are due to mutations affecting sites for regulation of
connexin43 by phosphorylation. The principal strategy, therefore, consisted of
two parts: first, screening patients with cardiac abnormalities for connexin43
mutations; and second, identifying at least one of these mutations as affecting
regulation of connexin43 by enzymatic phosphorylation.
It should be emphasized that the purpose of this study was not to
investigate the pathophysiology or genetic basis of any particular syndrome.
Verification of the hypothesis, as stated above, was taken as the end point.
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Admittedly, however, achievement of this objective would constitute the
starting point of yet another round of investigation, insofar as each mutation
discovered would constitute a natural experiment, and a model with which to
explore the ultimate question: what is the physiological meaning of gap
junctional regulation in the developing and functioning heart? To answer
this question would necessarily take years, or more likely a lifetime, of
additional work.

CHAPTER TWO. METHODS

A. Clinical Screening

1. General Considerations

Were the critical sites for regulatory phosphorylation of Connexin43
known in advance, it would have been feasible to test the hypothesis by
carrying out site-directed mutagenesis of the Connexin43 gene, introducing this
into a strain of transgenic mice, and observing whether cardiac arrhythmias or
malformations occurred. Unfortunately, at the time at which these experiments
were proposed, there was little in the literature to indicate which sites were
sufficiently important to justify the expense of creating transgenic animals. Of
course, the predicted amino acid sequence of Connexin43 identified several
residues as matching the consensus phosphorylation sequences of cAMPdependent protein kinase and protein kinase C (see Chapter 1); however, at
that date no evidence had been published to show that either of these enzymes
could in fact phosphorylate Connexin43 at any of these sites. It was decided,
therefore to test the hypothesis initially in its converse form: i.e., that there
existed at least some cardiac arrhythmias or congenital malformations which
were associated with mutations in the Connexin43 gene coding for residues
significant for regulation by phosphorylation (for a more detailed discussion,
see "Hypothesis" in Chapter 1). The task, therefore, lay in detecting these
mutations within an appropriately chosen sample population. A number of
established methods of mutation detection were then currently available. These
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included RNAse cleavage, denaturing gradient-gel electrophoresis,
carbodiimide modification, chemical cleavage, single-strand conformation
polymorphism, heteroduplex analysis, and DNA sequencing.
Up to the present time, the "gold standard" for mutation detection has
been direct sequencing PCR-amplified genomic DNA throughout the region of
interest. The advantages of this method are a theoretical 100% sensitivity, plus
immediate characterization of the mutation site. The most important
disadvantages are cost and laboriousness. In addition, the theoretical sensitivity
is diminished somewhat by frequent artifacts, such as stops, compressions, and
faint bands, which lead to ambiguities in the interpretation of data. Techniques
are well-established for direct sequencing of PCR product ("cycle sequencing"),
and for sequencing of plasmid DNA containing PCR-amplified inserts ("allelic
sequencing"). Each of these methods has specific advantages and disadvantages
of its own. With cycle sequencing, the final autoradiograph represents the
averaged contributions of all species present in the PCR mixture, and minor
constituents derived from random PCR errors are usually undetectable. On
the other hand, there is a significant potential tendency for false-negatives,
since a heterozygous mutation appears as an additional band alongside a
normal wild-type band, and can easily be overlooked if secondary structure
results in a relatively faint mutant band, or if background stops are present.
An even greater genetic dilution factor makes the method inadequate for the
detection or confirmation of mosaics resulting from somatic mutation.
Allelic sequences, on the other hand, are read unequivocally. As long
as a sufficient number of independent clones are examined (using the formula
p = 1 - (1 - q)n, where p is the probability of representing a targeted allele, q is
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the prevalence of the targeted allele among all the alleles present within the
PCR-amplified sample, and n is the number of clones examined, it can be
calculated that at least five clones are necessary to ensure a greater than 95%
probability that the targeted allele will be represented at least once), the false
negative rate can theoretically be held to a level as low as may be desired.
However, false-positives due to random Taq polymerase replication errors
during PCR can be significant. The basic Taq polymerase error rate under
high-fidehty conditions has been estimated at 1/100,000 substitutions per base
per round of PCR^. Distinguishing such errors from true mutations can be
difficult. Relying upon confirmation through the presence of multiple identical
clones within a sample is itself error-prone. Mosaic mutations may be falsely
excluded (a minimum of 11 clones would have to be examined to ensure a
95% probability of capturing a mosaic mutation present in 50% of the cell
population, and 16 clones for a mutation present in 25% of the cells).
Furthermore, replication errors occurring in early PCR cycles can also lead to
multiple clones within the sequencing sample (the "jackpot effect"), leading to a
false-positive error as well.
More recently, the commercial availability of standardized kits for
reverse transcription-PCR has made it possible to sequence PCR products
derived from processed mRNA, rather than from genomic DNA. This method is
particularly advantageous when sequencing gene segments spanning multiple
exons, which would otherwise have to be sequenced exon by exon. Where the
mRNA is known to be expressed at a high level, as is the case for many
secreted cell products (e.g., polypeptide hormones or immunoglobulins), the
^Eckert KA and Kunkel TA, 1990. Nucl. Acids Res. 18:3739-44.
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template for amplification is present at a high copy number, and PCR can be
carried out for a correspondingly shorter number of cycles. However, these
advantages are offset by the additional technical difficulty of isolating and
preserving high-quality mRNA as a template for the reverse-transcriptase
reaction; and by the introduction of additional sequencing errors, due to
contributions from reverse transcriptase, from endogenous RNA polymerase II,
and from RNA splicing enzymes and other agents of post-transcriptional
processing. A very significant limitation is the requirement that the gene of
interest must be known to be reliably expressed in the type of tissue
represented in the sample, which would preclude using this method to obtain
sequence data for connexin43 from such sources as blood, liver, or even fetal
heart, or for any gene subject to lyonization (i.e., expression of one allele with
simultaneous suppression of the other). In addition, any alterations in mRNA
secondary structure due to sequence mutations might potentially alter posttranscriptional mRNA stability; in such a case, the less stable allele would be
less well represented in any heterozygous template mixture, and might escape
detection altogether, particularly if cycle sequencing were employed.

For

reasons such as these, RT-PCR sequencing, while proving a convenient
approach for suitable applications, has failed to displace genomic sequencing as
the “gold standard” for mutation detection, and was not utilized in the present
study.
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2. Strategy

Despite these potential sources of error, DNA sequencing was
selected for this study as the most sensitive, specific and reliable screening
method of mutation detection currently available. Allelic sequencing was
utilized for initial screening of the patient samples, in order to maximize the
sensitivity of detection of mutations. Cycle sequencing of PCR products, a
less expensive and time-consuming but less sensitive method, was reserved
for initial screening of some of the normal control DNA samples. After
mutations had been identified within certain of the patient DNA samples, all
samples, including patient DNA and normal controls, were re-examined
using allele-specific oligonucleotide (ASO) hybridization of PCR products
(see discussion below), obtained from multiple PCR reactions carried out
upon multiple genomic DNA preparations, to minimize the probability of
false-positives due to “jackpot” amplification of random PCR errors, or due
to cross-contamination of template by prior PCR products. The redundancy
of this protocol was designed to combine the best of two approaches, using
allelic sequencing to minimize false negative errors associated with methods
based on bulk PCR products (such as ASO and cycle sequencing), and
using ASO analysis to minimize false-positive errors associated with allelic
sequencing.
In all, 30 patients with a variety of congenital heart anomalies,
including hypoplastic left and right heart syndromes, hypertrophic and
dilated cardiomyopathies, asplenia and polysplenia syndromes, trisomy 13,
and DiGeorge syndrome, were examined for mutations in the carboxyl-tail
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region of connexin43. Most of these patients were pediatric heart transplant
recipients at Loma Linda University Medical Center. Twenty-five control
sequences were also examined; these were sampled at random from clinical
pathology blood specimens. The use of blood rather than heart tissue for
control studies was admittedly imperfect, however, obtaining fresh heart
tissue from healthy donors was felt to be impracticable, and unnecessary for
the purposes of the present study.
The cytoplasmic tail was targeted because it has been predicted to
contain most of the plausible sites for post-translational modification of
connexin43, including all of the consensus sequences for phosphorylation
by cAMP-dependent protein kinase, and by protein kinase C. Conceivably,
mutations at other sites could affect connexin43 function as well, by any of
a variety of mechanisms. However, as the hypothesis of this study was
primarily concerned with the role of post-translational phosphorylation in the
regulation of cell-cell communication, the screening protocol was limited to
the cytoplasmic tail domain, as the region most likely to contain residues
critical to this function.
The study was approved by the Institutional Review Board at Loma
Linda University Medical Center. Where applicable, informed written
consent was obtained from participants.

3. DNA Extraction

Approximately 10 mg of fresh, surgically explanted heart tissue was
washed with saline and triturated under liquid nitrogen, then resuspended in
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500 microliters of extraction buffer (150 mM NaCl, 5 mM KC1, 5.5 mM glucose
in 25 mM Tris, pH 7.5). After centrifugation, the supernatant was discarded,
and the pellet was resuspended in 500 microliters of buffer, washed once and
resuspended in 200 microliters of STE buffer (100 mM NaCl, 2 mM EDTA in
10 mM Tris, pH 7.4). 5 microliters of proteinase K (Boehringer Mannheim),
20 mg/ml, and 22 microliters of 10% sarkosyl were added, and the sample was
incubated overnight at 56°C. Twenty-five microliters of saturated NaCl and
500 microliters of 95% cold ethanol were added and mixed by inversion, and
the precipitated DNA was removed by spooling on the bent tip of a glass
Pasteur pipette, and resuspended in 200 microliters of water. The
concentration and average molecular weight of DNA (typically > 30 kb) was
estimated by agarose gel electrophoresis of 5 microliters of this suspension.

4. Polymerase Chain Reaction

Each DNA sample was subjected to two rounds of nested polymerase
chain reaction (PCR). The first round was designed to eliminate any
contribution from a processed pseudogene which has been identified in man^,
by amplifying the entire coding region plus a small portion of an intron in the
5' untranslated region of the gene (the coding region itself contains no introns).
A second round was used to efficiently amplify a 400-bp fragment, which
encodes the cytoplasmic tail domain of connexin43. For the first round of
amplification (using primers AACAAACAAAACAAAACACTT and
2GI Fishman, RL Eddy, TB Shows, L Rosenthal and LA Leinwand, 1992. The human connexm
gene family of gap junction proteins have distinct chromosomal locations but similar
structures. Genomics 10:250-256.
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CACCCATCTACCCCA TACACC), approximately 1 microgram of sample DNA
was denatured at 94°C for 5 minutes and amplified for 20 to 25 cycles, each
consisting of 45 sec at 94°C, 45 sec at 53°C, and 90 sec at 72°C, followed by a
five minute extension at 72°C. 2.5 microliters of first-round product was then
used for the second round of PCR (primers GATGGTACCAGAGCGACCCTTACCATGC and CCTGGATCCTGTTGAGTA CCACCTCCA). It
was denatured at 94°C for 5 minutes and amplified for 20 to 25 cycles, each
consisting of 30 sec at 94°C, 30 sec at 53°C, and 30 sec at 72°C, followed by a
five minute extension at 72°C. PCR reactions used 10 pmol of each primer
in a 50 microliter reaction volume; MgCl2 was 1.5 mM and dNTPs were
200 mM each.

5. DNA Sequencing

DNA sequencing protocols in use include both chemical and enzymatic
methods. Chemical, or Maxam-Gilbert sequencing, requires a template labelling
step, followed by five modification reactions and cleavage of the modified bases
with hot piperidine. The cleaved products are electrophoresed on
polyacrylamide gels and autoradiographed to produce ladders which are read
as G, A+G, C+T, C and A. Usually only about 250 bases are legible with each
reaction set, a circumstance which has caused the method to fall somewhat into
disfavor. Nonetheless, it retains certain important advantages: first, that no
sequence-specific primer or enzyme is required, which permits sequencing of
restriction-enzyme fragments of large DNA products of unknown sequence,
without subcloning; and second, that sequence is obtained directly from the
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original sample DNA strand, and not from a copy. This is useful for mapping
sites for DNA methylation or attachment of DNA binding proteins.
Improvements in protocols and enzymes have made enzymatic, or
dideoxy, sequencing the method of choice for most applications.^ In this
approach, the sample DNA furnishes a template for oligonucleotide-primed
enzymatic polymerization of a DNA copy strand, carried out in the presence of
a mixture of all four deoxynucleotides and a smaller concentration (typically
10:1) of a single 2l,3'-dideoxynucleotide. The dideoxynucleotide has a 5'
hydroxyl group, which allows it to be incorporated into the nascent DNA
strand; however, since it lacks a 3' hydroxyl group, it cannot form a
phosphodiester bond with a succeeding nucleotide, and chain elongation is
terminated with random frequency at each occurrence of the targeted base. A
separate termination reaction is carried out for each of the four bases, and the
samples are electrophoresed in adjacent lanes and read in a manner similar to
Maxam-Gilbert sequences.
The earliest enzymatic sequencing protocols utilized the Klenow
fragment of Escherichia coU DNA polymerase I, an enzyme with low
processivity (defined as the average number of nucleotides added before
dissociation of the enzyme-template complex). This resulted in a high incidence
of background artifacts, and limited sequence legibility to around 250 bases.
Current protocols use thermostable DNA polymerases, such as those obtained
from the bacterium Thermus aquaticus ("Taq"), or bacteriophage-derived
enzymes of high processivity and polymerization rate. As described below, "Taq"

3F Sanger, S Nicklen and AR Coulson, 1977. DNA sequencing with chain-terminating inhibitors.
Proc. Natl. Acad. Sci. USA 74:5463-7.
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DNA polymerase was used for cycle sequencing, while allelic sequencing was
carried out with Sequenase Version 2.0, a recombinant form of bacteriophage
T7 DNA polymerase, from which 3'—>5' exonuclease activity has been deleted.
DNA segments enriched in deoxycytidine, and particularly in
deoxy guano sine, are prone to formation of secondary structure. This can occur
in sequences containing short segments with dyadic symmetry, or runs of
deoxy guano sine residues. Two types of artifacts commonly result: stops and
compressions. Stops occur when the polymerase prematurely dissociates at a
locus of secondary structure; the result is a series of bands across all four
lanes. Compressions are formed when secondary structure in the 3' terminus
results in aberrant migration of the sample during electrophoresis (an effect
similar to that which is the basis for denaturing gradient gel electrophoresis);
bands may be narrowly or widely spaced, inviting frame-shift errors in the
reading of the gel. Both of these artifacts can be minimized by using dGTP
analogs such as dITP and 7-deaza-dGTP in the polymerization step, or by
increasing the reaction temperature or the gel running temperature (within
narrow limits). Since the Km of most polymerases for dITP is greater than that
for dGTP, poly-G tracts tend to be associated with a dlTP-characteristic stop
artifact at the first deoxy guano sine base encountered in a run. Such artifacts,
however, can be unequivocally interpreted as deoxy guano sine, and do not
impede the reading of a gel.
The primary determinant of success in enzymatic sequencing is the
quality of the DNA template. The template must be undegraded, and free of
common preparative contaminants such as salt, protein, and polyethylene
glycol. The best results are obtained from single-stranded templates, such as
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the infectious form of bacteriophage Ml3. However, although single-stranded
Ml3 is technically easy to isolate and purify, the product is a poor substrate
for most restriction enzymes; screening of samples for the presence of inserts is
therefore inconvenient, and subcloning requires separate isolation of the
double-stranded replicative form. Recombination during phage replication is
common, which leads to instability and frequent loss of inserts. Hence, Ml3 is
not a suitable vector for long-term cultivation or storage of DNA sequences. In
view of these considerations, much enzymatic sequencing is therefore being
carried out at present using double-stranded plasmid templates. Most of the
denaturing/annealling protocols which make this possible are based on some
variant of the "mad rush" strategy: the two strands of the template are
denatured, primer is added, and the mixture is quickly allowed to re-anneal.
Annealling of the structurally less complex primer is kinetically favored over
that of the full-length circular complementary strand. This is only a short-term
advantage, however. If the mixture is allowed to stand more than briefly, or if
a precipitate is allowed to remain in contact with a liquid phase, the
establishment of thermodynamic equilibrium favors displacement of the primer
by the complementary strand. These constraints are even more critical when
the DNA sample is a relatively non-complex double-stranded PCR product. In
this case, reannealling of the complementary strand is rapid, and primer
annealling and extension must take place within a matter of seconds, if optimal
results are to be obtained.
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6. Cycle Sequencing

Cycle sequencing was carried out using reagents supplied with the
Perkin-Elmer Cycle Sequencing Kit; however, the manufacturer's protocol was
substantially modified, as described below. Taq polymerase provided in the
manufacturer's cycling mix was supplemented with sequencing grade Taq
polymerase (Perkin-Elmer).
Second-round sequencing primers (GATGGTACCAGAGCGACCCTTACCATGC and CCTGGATCCTGTTGAGTACCACCTCCA) were end-labelled by
5'-phosphate exchange with gamma-^^P-ATP, catalyzed by T4 polynucleotide
kinase. Each reaction mixture was made up as follows:
Oligonucleotide, 5 pmol/microliter
10X kinase buffer
T4 polynucleotide kinase (Promega),
8 units/microliter
Triple-distilled water
Gamma-^ 2 p_ATP (Amersham)

8 microliters
2.4 microliters
4.8 microliters
4.8 microliters
4.0 microliters

Labelling was carried out for 30 minutes at 37°C, after which the kinase was
inactivated by heating to 95°C for five minutes.
First- or second-round PGR products were purified on Wizard PCR
Prep minicolumns (Promega), following the manufacturer's protocol. 200 fmol
of purified PCR product was then added to the cycle sequencing reaction
mixture, made up as follows:
Triple-distilled water
Labelled sequencing primer
10X cycling mix
Template DNA, 200 fmol/microliter
Taq polymerase, 8 units/microliter

13 microliters
1 microliter
4 microliters
1 microliter
0.7 5 microliters
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For each sample, four 0.6-ml Eppendorf tubes were prepared, labelled
G, A, T, and C. To each of these, 4 microliters of the appropriate termination
mix (ddNTP solution) was added. Four microliters of cycle sequencing reaction
mixture were then aliquoted to the lip of each tube, and the tubes were briefly
spun in a table-top centrifuge to mix the reactants. Eight microliters of light
mineral oil were then aliquoted to each tube, and the tubes were spun again.
The samples were then subjected to 25 cycles of arithmetic (single
primer) PCR amplification in a Programmable Thermal Controller (PTC)
thermal cycler. Each cycle consisted of denaturation at 94°C for 30 seconds,
annealing at 55°C for 30 seconds, and extension at 72°C for 30 seconds.
During the last cycle, the 72°C extension step was lengthened to 5 minutes, to
minimize the contribution of templates prematurely terminated due to enzyme
dissociation or unfinished polymerization. After the last cycle, 4 microliters of
stop solution was added to the lip of each tube, and mixed by centrifugation.
Immediately before electrophoresis, samples were denatured by heating to 94°C
for 5 minutes in a thermal cycler. Samples were subjected to electrophoresis
and autoradiography as described under "Allelic Cloning and Sequencing."

7. Allelic Cloning and Sequencing

a. Ligation and Transformation. The second-round PCR product
was purified on a Magic PCR minicolumn (Promega), then ligated to PCR II
vector (Invitrogen) and used to transform One-Shot bacterial cells, as
described in Invitrogen's TA Cloning Kit protocol.
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b. Minipreps of Plasmid DNA. Multiple clones were isolated from
each transformation, and purified using Magic Miniprep DNA purification
minicolumns (Promega), according to the manufacturer's protocol. These
were screened by digestion with Kpnl and BamHI, or with EcoRI alone, and
1-6 insert-bearing clones were selected for sequencing.
c. Annealing Reaction. Twenty-four microliters (2-4 micrograms) of
plasmid DNA was transferred to a 1.5-ml Eppendorf tube, and 6 microliters of
denaturant (2M NaOH/2 mM EDTA) was added to the lip of the tube. The
reactants were mixed with a 5-second centrifugation pulse, and allowed to
stand for 5 minutes at room temperature. 2.5 microliters of primer stock
(0.5 pmol/microliter) were then added to the lip of the tube, and pulsed down
to mix. Under these conditions, an approximately equimolar ratio of primer and
template concentrations was obtained. The denaturant was then neutralized by
adding 9 microliters of 3M sodium acetate, pH 5.2, to the lip of the tube, and
centrifuging to mix. Without delay, 225 microliters of chilled 95% ethanol was
added, and mixed by vortexing, to precipitate the reannealled DNA.
Precipitation was allowed to continue at -20°C for a minimum of 1 hr, or a
maximum of 24 hrs; the mixture was then centrifuged for 15 minutes at
14 krpm, and the supernatant was carefully removed by pipette. A very small
white or clear pellet was normally visible. This was washed with
250 microliters of chilled 70% ethanol, and then dried by inverting the tube
for 15 minutes on a paper-towel blotter, or by spinning for 5 minutes in a
Speed-Vac apparatus. The dried pellet was resuspended in 8 microliters of
triple-distilled water, and used immediately for sequencing.
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d. Sequencing Reaction. The half-life of Sequenase Version 2.0 on ice
is on the order of 1 hour. Consequently, to avoid thermal degradation of the
enzyme where many samples were being sequenced, reactions were run in
batches of not more than eight samples. For each batch, a labelling cocktail
was prepared for N+l reactions, adding the following quantities per reaction:

5X label mix
3d water
5X reaction buffer
0.1M dithiothreitol
Enzyme dilution buffer
35S-ATP

0.4 microliters
1.6 microliters
2.0 microliters
1.0 microliters
1.75 microliters

Sequenase

0.5 microliters
0.25 microliters

Total

7.5 microliters

For each sample, four 1.5-ml Eppendorf tubes were prepared, labelled
G, A, T, and C. To each of these, 2.5 microliters of the appropriate termination
mix (ddNTP solution) was added. These tubes were then closed and pre
warmed in a 37°C water bath. Meanwhile, 7.5 microliters of the labelling
cocktail was added to each DNA sample, mixed by pipetting, and allowed to
stand five minutes on ice. Longer reaction times, or reactions run at room
temperature, resulted in an increase in stop artifacts when dITP was used in
the labelling mixture. After the labelling reaction was complete, the GATC
tubes were removed from the water bath, one sample at a time, and
3.5 microliters of the labelling mixture was aliquotted to the lip of each of the
four tubes. The tubes were pulsed down to mix the reactants, and were then
returned quickly to the 37°C water bath. The termination reaction was allowed
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to proceed for 10 minutes at 37°C. After this, the GATC tubes were removed
from the water bath, one sample at a time, and 4 microliters of stop mix was
aliquotted to the lip of each tube. The tubes were pulsed down to mix the
reactants, and used immediately or stored at -20°C for a maximum period of
48 hours.

e. Electrophoresis and Data Analysis. Labelled DNA samples were
loaded onto a 7.5% polyacrylamide gel, and electrophoresed on a Bio-Rad
apparatus, using standard methods. Sequences were read and compared to
the GenBank sequence HSCGJP (accession number X52947), representing
the human connexin43 gene.

8. Hybridization with Allele-Specific Oligonucleotides

a. Preliminary considerations. Oligonucleotide melting temperature is
determined by the length of the oligonucleotide, its GC/AT content, and the
presence of sequence mismatches between the oligonucleotide and its
complementary DNA target. The quantitative effect of mismatches upon
hybridization of double-stranded DNA has been estimated as a 1 to 1.5°C
decrease in melting temperature per 1% mismatch.^ This relationship has been
observed to hold true for small as well as medium-length probes. The effect of
a sequence mismatch is also influenced by the position of the mismatch, and as
a rule is greater for mismatches located toward the center of short

^TI Bonner, DJ Brenner, BR Neufeld and RJ Britten, 1973. Reduction in the rate of DNA
reassociation by sequence divergence. J. Mol. Biol. 81:123-35
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oligonucleotides. This can be clarified by representing the melting temperature
in terms of thermodynamic factors for a change of state:^

Tmelt = (AHi + AH2 + AH3)/AS

where Hi is the enthalpy of annealling to the targeted base pair, which is lost
when a mismatch is present; H2 is the combined enthalpy of annealling of the
immediately flanking base pairs, which is decreased due to bond angle strain
occasioned by the adjacent mismatch; H3 is the combined enthalpy of
annealling of all more distant base pairs, which is relatively unaffected; and AS
is an increase of entropy which can be related to the availability of alternative
conformations in secondary structure, which, from an energetic point of view,
are made relatively more favorable once the overall enthalpy for the competing
annealling reaction is decreased.
From these considerations, it can be inferred that a single-base mismatch
can reduce the melting temperature by an amount considerably larger than the
2°C or 4°C expected from the loss of a single A-T or G-C pair. Empirically, Tm
changes of 10-14°C have been reported for centrally located mismatches in
small oligonucleotides.^ It is evident, then, that under stringent conditions
conducted near the Tm of a short oligonucleotide probe, hybridization should
be much more efficient for perfectly matched targets than for targets bearing
even a single base of mismatch to the probe. Bands representing samples with

5CIV Hinshelwood, The Structure of Physical Chemistry. Oxford University Press (1951).
^RB Wallace, MJ Johnson, T Hirose, T Miyake, EH Kawashima and K Itakura, 2982. The use
of synthetic oligonucleotides as hybridization probes. II. Hybridization of oligonucleotides
of mixed sequence to rabbit beta-globin DNA. Nucleic Acids Research 9:879-94.

91
perfect matches would thus be of correspondingly greater intensity than bands
representing samples with sequence mismatches. With appropriate washing
stringency, the mismatched hybrids could be reduced to undetectable levels,
while perfectly matched hybrids would still be retained. This approach has
been used successfully in numerous applications, where it has been referred
to variously as allele-specific oligonucleotide (ASO) and sequence-specific
oligonucleotide (SSO) hybridization.
For the purpose of confirming Cx43 mutations identified by sequencing
and for screening additional patients and family members, an ASO hybridization
technique was used. Oligonucleotides were synthesized for each observed
mutation. To maximize the relative difference between matched and mismatched
melting temperatures, short (13-mer) ohgonucleotides were designed, with the
targeted mutation centered within each sequence.
Hybridization with allele-specific oligonucleotides has several
advantages over sequencing-based screening methods, including technical
simplicity, lower cost, and the ability to rapidly screen many samples (as many
as 96 in a single blot). Like cycle sequencing, it makes use of bulk PCR
product, and it is thus less prone to false-positive artifacts due to random PCR
errors, since, barring a "jackpot effect", any individual sequence error is

7ABJ Conner, AA Reyes, C Morin, K Itakura, RL Teplitz and RB Wallace, 1983. Detection of
sickle cell beta^ globin allele by hybridization with synthetic oligonucleotides. Proc. Natl.
Acad. Sci. USA 80:278-82.
®JW Szostak, JI Stiles, BK Tye, P Chiu, F Sherman and R Wu, 197 9. Hybridization with
synthetic oligonucleotides. Methods Enzym. 68: 419-428
9SV Suggs, RB Wallace, T Hirose, EH Kawashima and K Itakura, 1981. Use of synthetic
oligonucleotides as hybridization probes: isolation of cloned cDNA sequences for human
beta2-niicroglobulin. Proc. Natl. Acad. Sci. USA 78:6613-6617.
■^Cotton RGH, Current methods of mutation detection, 1993. Mutation Research 285:125144.
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present as a negligibly small proportion of the total DNA sample applied to the
hybridization blot. It is also less prone to false-negative artifacts due to cross
contamination of PCR templates with non-mutant sequences. The chief
disadvantage of ASO hybridization is that the target sequence must be known
in advance. This vitiates its use as a primary screening device, particularly in
the investigation of sporadic anomalies. However, it is a rapid, highly specific
and sensitive method for confirming the presence of mutations in multiple PCR
samples once these have been identified by sequencing, for tracing the
segregation of mutant alleles among family members, and for screening for the
presence of a known mutation which occurs frequently within the sample
population.
b. Blotting of DNA samples. A Hybond-N membrane was cut to size
and prewet with distilled water on top of three sheets of filter paper, then
positioned within a Vacusystems vacuum slot-blot apparatus. Each well was
rinsed with 200 microliters of 2OX SSC, and the vacuum was turned on
briefly. Five microliters of crude PCR product was denatured by adding
200 microliters of 0.4M NaOH/25mM EDTA, followed by 2-5 minutes heating
at 95°C. Samples were cooled rapidly on ice, and then loaded into the slot
wells of the Vacusystems apparatus. The vacuum was turned on for 1 minute,
and each well was washed with 400 microliters of 2OX SSC, after which the
vacuum was turned on again for 3 minutes. The membrane was removed from
the Vacusystems apparatus and baked between two sheets of dry filter paper
for 1 hour at 80°C in a vacuum oven. Following this, DNA was cross-linked to
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the membrane by 3 minutes exposure to an ultraviolet (303 nm)
transilluminator.
c. Preparation of probes for hybridization. Oligonucleotide probes were
end-labelled by 5'-phosphate exchange with gamma-^^P-ATP, catalyzed by T4
polynucleotide kinase. Each reaction mixture was made up as follows:
8 microliters
2.4 microliters

Oligonucleotide, 5 pmol/microliter
10X kinase buffer
T4 polynucleotide kinase (Promega),
8 units/microliter
Triple-distilled water
Gamma-3 ^P-ATP (Amersham)

4.8 microliters
4.8 microliters
4.0 microliters

Labelling was carried out for 30 minutes at 37°C, after which the kinase was
inactivated by heating to 95°C for five minutes. The radiolabelled
oligonucleotide was then purified on an NACS/Prepac column, attached to a
5-ml syringe. The column was first wet with 3 ml of high salt buffer (2M
NaCl/TE), then washed with 3 ml of low-salt loading buffer (0.1M NaCl/TE).
The oligonucleotide was diluted with 0.5 ml of low-salt buffer, and then slowly
loaded onto the column. The column was washed with 5 ml of low-salt buffer.
after which the bound oligonucleotide was eluted with 0.6 ml of medium-salt
buffer (1M NaCl/TE). The entire eluate was pooled, vortexed, and checked for
residual radioactivity prior to use for hybridization.
Purification buffers were prepared as follows:

NaCl, 5M
10XTE
Triple-distilled water

High-salt
(2M NaCl/TE)
40 ml
10 ml
50 ml

Low-salt
(0.1M NaCl/TE)
2 ml
10 ml
88 ml

Medium-salt
(1M NaCl/TE)
20 ml
10 ml
70 ml
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d. Hybridization. Hybridization was carried out in a Bellco rotary
hybridization oven. A piece of mesh fabric was cut to the size of the dried and
cross-linked membrane, and membrane and mesh were wet with 2X SSC before
being rolled tightly together (mesh outside) and inserted into a Bellco
hybridization bottle. 10 ml of 2X SSC were added to the bottle, which was
capped and gently rotated in a horizontal position, so as to unroll the
membrane and mesh without introducing air bubbles between the mesh and
bottle. Where bubbles were present, they were chased out with the aid of a
plastic pipette, or the membrane and mesh were removed and reinserted. The
wetting solution was then poured out, and replaced with 10 ml of
prehybridization solution, made up as follows:

Triple distilled water
20X SSC
Sodium dodecyl sulfate, 10%
100X Denhardt's solution
Salmon sperm DNA, 15 mg/ml

6.0 ml
3.0 ml
0.5 ml
0.5 ml
100 microliters

Ingredients were added and mixed in the order indicated, to avoid precipitation
of the SDS. Salmon sperm DNA was denatured by heating for 5 minutes at
90°C before addition.
Prehybridization was carried out for 30 minutes at 42°C, after which the
prehybridization solution was poured out and replaced with 10 ml of
hybridization solution, made up as follows:

Triple distilled water
20X SSC
Sodium dodecyl sulfate, 10%
3 2p-lai,e]Jetl oligonucleotide probe

6.8 ml
3.0 ml
100 microliters
100 microliters
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To examine the effect upon specificity, oligonucleotides SCASO-364 and
SCASO-365 were co-hybridized with and without a 5-fold excess concentration
(40 pmol) of unlabelled SCASO-364/365N, an oligonucleotide designed to
overlap both sequences and to preferentially hybridize competitively with non
mutant Cx43 sequence. Equally high specificities were attained in the presence
and absence of competitor. Consequently, competitors were not synthesized for
the other oligonucleotides in the series, and all hybridizations for these
sequences were carried out with ^2p_ia]3ep[e(j probe only.
Hybridizations were carried out for 2 hours at temperatures
corresponding to the melting temperature of each oligonucleotide, as computed
from the formula:
Tm (°C) = 4(G+C) + 2 (A+T)11
Oligonucleotide sequences and hybridization and washing temperatures are
listed in Table 3.
After 2 hours, the hybridization solution was poured out, and replaced
with 120 ml of wash solution, prewarmed to a wash temperature 4°C below the
computed melting temperature of each oligonucleotide. This temperature was
intermediate between the melting temperatures of the probe with fully matched
and mismatched sequences. The wash solution was made up as follows:

Triple distilled water
20X SSC
Sodium dodecyl sulfate, 10%

690 ml
300 ml
10 ml

Ultakura K, Rossi JJ, and Wallace RB, 1984. Synthesis and use of synthetic oligonucleotides.
Ann. Rev. Biochem. 53:323-56.
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Table 3. Allele-Specific Oligonucleotides

Target

Sequence

Hybridization
Temp., °C

Ser3 64—»Pro

cgacctccaagca

42

38

Ser365—>Asn

cttcaaacagagc

38

34

Ser373—>Gly

gccagcggcagac

46

42

Glu352-^Gly

gacatggattaca

36

32

Ser344—>Pro

cagaaccctaaaa

34

30

Thr326—^Ala

ggaagcgccatct

42

38

Phe335—>Leu

cagcctcttgatt

38

34

Ser368*

agagccagcagtc

42

38

Ser364/365**

ccttcaagcagag

40

36

Wash Temp., °C

*Nonmutated sequence, used to normalize sample DNA concentrations.
**Nonmutated sequence, used as unlabelled competitor to enhance
specificity of Ser364 and Ser365 probes.

The sample was washed for 1 5 minutes in a a rotary hybridization oven,
then removed and checked for residual radioactivity. Where background
radioactivity remained high, the membrane was reinserted into the hybridization
bottle, along with 120 ml of fresh wash solution, and washed for
10-15 minutes more. After washing was completed, the membrane was
removed, drip dried, wrapped in Saran wrap, and exposed in an
autoradiography cassette (Fuji XR film; with intensifying screen) for 1-10 days.

e. Stripping. To obviate false positive results due to carry-over from
incompletely stripped membranes, each mutant oligonucleotide was hybridized
to a freshly blotted membrane. However, after autoradiography, membranes
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were stripped and re-hybridized with oligonucleotide SCASO-368N, a 32p
radiolabelled probe matched to all Cx43 samples, including not only normal
Cx43 sequence, but all mutant sequences hitherto identified by sequencing of
clinical samples. This served as a basis for normalizing DNA concentrations
among the samples, and assured that negative results were not due to PCR
failure, sample deterioration, or imperfections of blotting technique.
The membrane was stripped as soon as possible after autoradiography, to
avoid drying-out. The membrane was wetted, rolled up along with a piece of
mesh fabric, and placed in a Bellco hybridization bottle as described above. To
this was added 150 ml of IX stripping buffer, diluted in triple distilled water
from 5X stock, prepared as follows:

NaOH
NaCl
EDTA, 250 mM
Triple distilled water

50 g
146.1 g
40 ml
to 1000 ml

The membrane was stripped for 20 minutes at room temperature in a
rotary hybridization oven. After this, the stripping buffer was poured out and
replaced with 50 ml of neutralization buffer, prepared as follows:

Tris base
Tris HC1
NaCl, 5M
Triple distilled water

53 g
88.8 g

300 ml
to 1000 ml

After 20 minutes at room temperature, the buffer was poured out and
replaced with 50 ml fresh neutralization buffer, and neutralization was
continued for 20 minutes more. This was foDowed by two 20-minute washes at
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room temperature in 5X SSPE buffer. The membrane was re-probed for a
minimum of 4 hours with SCASO-368N.

B. Functional Studies Of Wild-Type And Mutant Connexin43

1. Preparation of Expression Vectors

a. Preparation of Parental Connexin43 Expression Vector. Full-length
clones of the Cx43 coding sequence were obtained by performing two rounds of
nested PCR. SC43-7 and SC43-6 primers were used for the first round, as in
the clinical screening protocol. For the second round, the primers were SC43-9
and SC43-4, which were designed to introduce Kpnl and BamHI sites at the 5'
and 3' ends, respectively. In addition, SC 43-9 was designed to overlap the true
start codon of the coding sequence, bypassing several other ATG sequences
within the amplified region of the intron. Second round PCR products were
purified on Magic PCR columns (Promega), and ligated to the PCR II cloning
vector (Invitrogen). Three clones were sequenced throughout the cytoplasmic
tail domain (nucleotides 903 to 1396), using oligonucleotides SC43-5 and
SC43-4 as sequencing primers. One clone, which was found to be in exact
agreement with the GenBank sequence throughout this region, was
provisionally chosen as the parental stock for preparation of chimaeric mutant
constructs. The functional integrity of the remainder of the connexin43
sequence was verified by expression cloning. For this purpose, the full-length
connexin43 sequence was excised from the parental construct, using Kpnl and
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BamHI, and separated by electrophoresis on a low-melt agarose gel. The
appropriate gel band was excised, remelted and purified on a Magic PCR
column. A constitutive eukaryotic expression vector, pCEP4 (Invitrogen) was
prepared by digestion with Kpnl and BamHI, followed by treatment with calf
intestinal phosphatase (USB) and purification on a Magic DNA Clean-up
column (Promega). Vector and insert DNA were ligated for 6 hours at 15°C,
then used to transform One-Shot bacterial cells, using the TA Cloning Kit
protocol (Invitrogen). Multiple clones were isolated and sequenced to verify
correctness of the cloning sites at the 5' and 3' ends of the connexin43
sequence, and one clone, pM0.4, was selected for eukaryotic expression.
Three T25 flasks of L929 cells were grown to 80% confluency, then briefly
trypsinized, washed twice in DMEM medium, and resuspended in 2 ml of
phosphate-buffered saline (PBS). One half ml of each suspension was
combined with 10 micrograms of pM0.4 DNA in an electroporation cuvette,
allowed to stand at room temperature for 10 minutes, and then electroporated
in a GenePulser apparatus (BioRad) at 200 microfarads of capacitance, and
350 volts. After standing 10 minutes more at room temperature, the samples
were transferred to T25 flasks containing 5 ml of DMEM medium with 10%
fetal bovine serum. After two days of recovery, 300 micro grams/ml of
Hygromycin was added to the culture medium, to aid in selection of
transformants. After two passes in selection medium, the transfected cells were
microinjected with Lucifer yellow dye in the presence or absence of inhibitors
of protein kinases A and C, according to established protocols. Transfected
cells showed a basal level of dye transfer significantly greater than that of cells
transfected with plasmid lacking a Cx43 DNA insert (null control). Dye
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transfer was inhibited by either of the protein kinase inhibitors, in a pattern
similar to that of cells expressing endogenous Cx43 protein. A control culture
of untransfected L929 cells, however, showed minimal dye transfer (with fewer
than 10% of injected cells showing dye transfer to their immediate neighbors)
under all conditions. Immunocytochemistry with CT-360 primary antibodies
showed punctate staining of transfected cells only. Although Northern blots
showed significant amounts of Cx43 transcript in both transfected and wildtype L929 cells. Western blot analysis indicated that transfected cells, but not
untransfected L929 cells, expressed a protein product reactive with anti-Cx43
antibodies. These results indicated that the pM0.4 construct was capable of
inducing regulable dye-transfer in communication-deficient cells, and this
clone was accordingly chosen as a normal Cx43 control sequence, and as the
parental stock for construction of mutant chimaeras. Since inconvenient EcoRI
sites were present in the pCEP4 vector sequence, the Cx43 insert was excised
with Kpnl and BamHI, gel purified, and religated into pBluescript KSM13+.
Several clones were sequenced at the splice sites, and a single clone, pMOM,
was selected for further work-up. For this clone, EcoRI and BamHI were used
to cut out a 235-base fragment containing the serine box region at the extreme
31 end of the coding region, for replacement by mutant sequences. The
linearized vector was then purified, treated with calf intestinal phosphatase,
and repurified.

b. Preparation of a Ser364Pro Expression Vector. Full-length clones of
coding sequence containing the Ser364Pro mutation were obtained by
performing two rounds of nested PCR upon DNA from patient A16, using
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primer pairs SC43-7/SC43-6 and SC43-9/SC43-4. Several clones were
sequenced, and one clone bearing the Ser364Pro mutation was selected for
further work-up. Using the restriction enzymes EcoRI and BamHI, a 235-base
fragment containing the serine box region was excised, purified by agarose gel
electrophoresis, and religated to the similarly digested and phosphatase-treated
large fragment of pMOM. After transformation, several clones were sequenced
throughout the insert region to verify that the targeted mutation, and only the
targeted mutation, had been introduced. Resequencing of the remainder of the
connexin43 sequence was not necessary, because this portion of the gene was
derived from an identical source in both the wild-type and mutant constructs.
One clone, pMC4, was selected for transfection. The resulting chimaera thus
consisted of a 1026-bp sequence, encoding most of the structural domains of a
functionally normal connexin43 protein (derived from pMOM), and an
engrafted 235-bp fragment (derived from patient A16), which differed from the
normal sequence only with respect to the substitution at Ser^^^1.

c.

Site-Directed Mutagenesis. Artificial mutants were created using a

two-step recombinant PCR method, as introduced by Higuchi.^^ Two pairs of
overlapping PCR primers were designed, substituting alanine codons at either
of the serines at positions 368 and 372. In the first step, the 5' and 3' primers
of a given pair were matched respectively with the 31 (SC43-4) and 5' (SC43-5)
primers previously used to amplify the connexin43 cytoplasmic tail segment. In
separate PCR reactions, these generated fragments with a slight overlap in the
l^Higuchi R, 1990. Recombinant PCR. In Innis MA, Gelfand DH, Sninsky JJ, and White TJ,
1990. PCR Protocols: a Guide to Methods and Applications. Academic Press, San Diego,
pp. 177-83.
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vicinity of the targeted mutation. In the second step, these products were
purified, diluted 1:1000, and mixed together in a PCR reaction containing only
the outer SC43-5 and SC43-4 primers. The small sequence overlap permitted
the first-round fragments to prime each other during the early cycles of PCR,
generating a full-length recombinant product, which was then amplified
further by priming from SC43-5 and SC43-4. The second-round PCR product
was subsequently purified, digested with EcoRI and BamHI, and
electrophoresed on a low-melt agarose gel, to separate the 235-bp fragment
comprising the mutagenized serine box region. This fragment was then purified
and ligated into EcoRI/BamHI-digested pMOM vector. After transformation,
several clones of each construct were sequenced throughout the insert region,
to verify that the targeted mutations, and only the targeted mutations, had
been introduced. The resulting chimaeras thus consisted of a common 1026-bp
sequence, encoding most of the structural domains of a functionally normal
Cx43 protein, and an engrafted 235-bp fragment, in which each mutant
construct differed only with respect to targeted substitutions in the terminal
serine box. By employing both mutagenesis primer pairs in sequential PCR of
either pM0.4 or pMC4 (bearing the Ser364Pro substitution), seven constructs
were derived which represented every permutation of single or multiple
mutagenesis of serines 364, 368 and 372 (i.e., three single, three double and
one triple mutant). After sequencing of the clones, the Cx43-coding insert was
excised with Kpnl and BamHI, purified on a low-melt agarose gel, and
religated to the expression vector pCEP4. These constructs were then used to
transform One-Shot cells, and were sequenced in the regions of the splice sites.
The plasmid DNA was then repurified and introduced into L929 cells by
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electroporation, and pure cultures of transfectants were obtained by multiple
passage in selection medium.

2. Cell Transfection

a. Clones TXA through TXG. L929, a cell line showing minimal cell-cell
communication under standard culture conditions,^ was chosen as a host for
the normal and mutant connexin43 expression vectors. One T75 flask
(Corning) of cells was grown to 80% confluency, briefly trypsinized, washed
twice in Dulbecco's Modified Eagle's Medium (DMEM), and resuspended in
2 ml of phosphate-buffered saline (pH 7.2). 0.5 ml of each suspension was
combined with 10 micrograms of pM0.4, mutant DNA or pCEP4 plasmid in an
electroporation cuvette, allowed to stand at room temperature for 10 minutes,
and electroporated in a GenePulser apparatus (BioRad) at 500 microfarads of
capacitance and 350 volts. After 10 minutes at room temperature, the samples
were transferred to T25 flasks containing 5 ml of DMEM with 10% fetal bovine
serum (Gemini Bioproducts). After two days of recovery, 200 micrograms/ml of
Hygromycin was added to the culture medium, to aid in selection of
transformants.

b. Clones HXA through HXC. SKHepl, a human hepatoma-derived cell
line showing minimal cell-cell communication under standard culture
conditions^, was transfected as described for clones TXA through TXG, with

*3 Fishman GI, Spray DC, and Lein wand LA 1990. Molecular characterization and functional
expression of the human cardiac gap junction channel. J. Cell. Biol. 111(2):589-98.
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the following modifications: (1) 10 micrograms of pMANT43, a Connexin43
antisense mRNA expression vector (see “Preparation of Antisense Expression
Plasmids” below), was included in the electroporation cuvette;
(2) electroporation was carried out at 960 microfarads and 350 volts; and
(3) cells were maintained in Minimal Essential Medium (MEM), supplemented
with non-essential amino acids, sodium pyruvate, and 10% fetal bovine serum.

3. Preparation Of Antisense Expression Plasmids

a. Anti-Cx43 Expression Plasmid. PGR primers were designed to
amplify a 17 6-bp segment of exon 1 of the murine Connexin43 gene,
corresponding to a portion of the 5’ untranslated region immediately upstream
of the splice site. Primer sequences SCMA43-1

(CTCTAGACGCTTTTACGAGGTATC) and SCMA43-2 (GCGAAGCTTAATG
AAAGTGAAGCC) included synthetic Xbal and Hindi 11 restriction sites,
respectively. Genomic DNA was extracted from clonal murine L929 cells, and
then subjected to 35 cycles of PGR, using reagent concentrations as described
under Genetic Screening. Each cycle consisted of 45 seconds at 94°C, 30
seconds at 55°C, and 45 seconds at 72°C. The PGR product was purified on a
Wizard PGR Prep minicolumn (Promega), digested for 3 hours at 37°C with
Hindlll and Xbal, and the repurified on a Wizard DNA Clean-Up minicolumn
(Promega).
Expression vector pRc/RSV (Invitrogen) was prepared by digestion for
5 hours at 37°C with Hindlll and Xbal. The digested product was then treated
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with calf intestinal alkaline phosphatase (USB), at a concentration of
0.04 unit s/micro gram of DNA. After incubation at 37°C for 30 minutes, a
second portion of calf intestinal alkaline phosphatase was added, and the
mixture was incubated at 37°C for 30 minutes more. The phosphatase was then
inactivated by heating to 68°C for 15 minutes, after which the vector DNA was
purified on a Wizard DNA Clean-Up minicolumn.
For ligation, the Hindlll/Xbal-digested PCR product and vector were
combined in a reaction mixture as follows:

PCR product DNA
pRc/RSV vector
10X ligation buffer
Triple distilled water

50 microliters
5 microliters
6.5 microliters
2.5 microliters

Cohesive ends among the DNA products were melted by heating to 45°C for
5 minutes, after which they were allowed to reanneal by slowly cooling the
mixture to 4°C, at which point 10 units of T4 DNA ligase (USB) were added to
the reaction mixture. Ligation was allowed to proceed for 4 hours at 15°C.
Five microliters of the ligation product was then used to transform One-Shot
cells (Invitrogen), following the manufacturer’s protocol. Ten colonies were
picked and screened by digestion with Hindlll and Xbal, followed by
sequencing, to verify that the murine Connexin43 exon 1 sequence was intact
and positioned in an antisense orientation to the direction of transcription from
the pRc/RSV promoter. One clone, designated pMANT43, was selected for use
as an anti-Connexin43 expression plasmid.
Because the antisense sequence of pMANT43 targeted the untranslated
exon 1 sequence of connexin43, which was not present in any of the expression
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vectors derived from pMOM, this vector had the unique property of blocking
expression of endogenous connexin43 expression, but not of any of the
connexin43 transfection vectors employed in this study.

b. Anti-Cx40/43 Expression Plasmid. PCR primers were designed to
amplify a 200-bp segment of the murine Connexin40 gene, corresponding to a
portion of the 5’ untranslated region immediately upstream of the start codon.
Primer sequences SCMA40 1 (CGCTCTAGATCAGTGGCCCAGAGCATG) and
SCMA40-2 (CGCTCTAGACA-GTGAGCCAGACCTTGC) each included a
synthetic Hindlll restriction site. Genomic DNA was extracted from clonal
murine L929 cells, and then subjected to 35 cycles of PCR, as described
above. The PCR product was purified on a Wizard PCR Prep minicolumn
(Promega), digested for 3 hours at 37°C with Hindlll, and the repurified on a
Wizard DNA Clean-Up minicolumn (Promega).
Expression vector pMANT43 was prepared by digestion for 5 hours at
37°C with Hindlll. The digested product was then treated with calf intestinal
alkaline phosphatase and purified as described above.
The Hindi 11-digested PCR product and pMANT43 vector were ligated
and used to transform One-Shot cells as described above. Eight clones were
selected for screening. Since the Connexin40 PCR product was cloned
randomly in sense and antisense orientations, the initial screening was carried
out by performing a PCR amplification of 50 nanograms of each of the eight
clones, using the PCR primers SCMA43-1 and SCMA40-2. This yielded a
400-bp PCR product only when the Connexin40 sequenced was positioned in
an antisense orientation to the direction of transcription from the pRc/RSV
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promoter. Where no Connexm43 insert was present, or where it was positioned
in a sense orientation, no PCR product was formed. Two of the eight clones
yielded PCR products of the correct size. These were sequenced, and one
clone, designated pMANT40/43, was selected for use as a combined antiConnexin40/anti-Connexin43 expression plasmid.
Because the antisense sequence of pMANT40/43 targeted the
untranslated exon 1 sequence of connexin40 and connexin43, which were not
present in any of the connexin43 expression vectors derived from pMOM, this
vector had the unique property of blocking expression of endogenous connexin
40 and connexin43 expression, but not of any of the connexin transfection
vectors employed in this study.

4. Immunocytochemistry

Cells were plated on 12x12 mm glass cover slips, and grown to 80%
confluency in appropriate nutrient medium, in the absence of selection
antibiotic. To fix cells, the cover slips were removed, carefully blotted around
the edges, washed by dipping twelve times into chilled phosphate-buffered
saline (PBS), and then allowed to remain in PBS for two minutes longer. The
coverslips were then removed from PBS, blotted dry around the edges, dipped
twelve times into chilled acetone, and then immersed into a second beaker of
chilled acetone for 15 minutes. After fixation, the coverslips were rehydrated
by reimmersion in PBS for 5 minutes. They were then immersed for 10 minutes
in blocking solution, consisting of 5% powdered milk in chilled PBS. After
blocking, the coverslips were removed, and excess blocking solution was
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rinsed off by dipping several times in chilled PBS. Each coverslip was then
overlain with 100 microliters of a 1:500 dilution of primary antibody (anticonnexin43 polyclonal antibody CT360; a gift from Dale Laird of McGill
University and Jean-Paul Revel of California Institute of Technology), and
allowed to incubate overnight at 4 degrees Centigrade. On the following day,
excess primary antibody was rinsed off by dipping each coverslip several times
in chilled PBS, and 100 microliters of a 1:80 dilution of secondary fluorescent
antibody (FITC) was overlain on each coverslip under subdued light, and
incubated for 4 to 24 hours at 4 degrees Centigrade in the dark. After this, the
coverslips were removed under subdued light, rinsed by dipping in PBS, and
placed with the cell side down on a drop of PBS on a standard microscope
slide. Any excess PBS was blotted from the edges of the inverted coverslips,
and the edges were sealed with nail polish. Cells were then examined under oil
immersion on a Zeiss fluorescence microscope, and photographed on Kodak
T-Max film, with exposures of two minutes for fluorescent images, and
2 seconds for phase-contrast images.

5. Cell Microinjection

After two weeks of culture in the presence of 200 to 350 micrograms/ml
Hygromycin, transfected cells were microinjected with lucifer yellow dye, and
with protein kinase enzymes and modulators, according to established methods.
Microinjections were carried out and assessed using a blind protocol, in which
the technician carrying out this work did not know the identity of the culture
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being tested. Controls include untreated cells, cells electroporated in the
absence of plasmid DNA, cells transfected with normal Cx43 (pM0.4), and
cells transfected with pCEP4 plasmid lacking any Cx43 insert (“null plasmid”).
Work was carried out in several phases.
Phase 1. Cells were injected directly with Lucifer Yellow, to assess
basal levels of communication.
Phase 2. Cells were injected with a single enzyme or modulator,
followed, after 3-5 minutes, by Lucifer Yellow. Dye transfer was monitored for
30 minutes. Modulators included: PKA catalytic subunit, PKC, alkaline
phosphatase, PKA inhibitor, and PKC inhibitor.
Phase 3. Cells were pre-treated with alkaline phosphatase, and
3-5 minutes later injected with: PKA catalytic subunit alone, PKA cat. subunit
with PKC inhibitor, PKC alone, PKC with PKA inhibitor, PKA inhibitor alone,
or PKC inhibitor alone. After another 3-5 minutes, Lucifer Yellow was
injected, and dye transfer was monitored for 30 minutes.

CHAPTER 3. RESULTS AND DISCUSSION
MUTATIONS OF THE CONNEXIN43 GAP JUNCTION GENE IN
PATIENTS WITH HEART MALFORMATIONS AND DEFECTS OF
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Ill
A. Abstract

Background. Gap junctions are thought to have a crucial role in the
synchronized contraction of the heart and in embryonic development.
Connexin43, the major protein of gap junctions in the heart, is targeted by
several protein kinases that regulate myocardial cell-cell coupling. We
hypothesized that mutations altering sites critical to this regulation would lead
to functional or developmental abnormalities of the heart.

Methods. Connexin43 DNA from 25 normal subjects and 30 children with a
variety of congenital heart diseases was amplified by the polymerase chain
reaction and sequenced. Mutant DNA was expressed in cell culture and
examined for its effect on the regulation of cell-cell communication.

Results. The 25 normal subjects and 23 of the 30 children with heart disease
had no amino acid substitutions in connexin43. All six children with syndromes
that included complex heart malformations had substitutions of one or more
phosphorylatable serine or threonine residues. Four of these children had two
independent mutations, suggesting an autosomal recessive disorder. Five of
these children had substitutions of proline for serine at position 364. A seventh
child, with a different heart condition, also had a point mutation in
connexm43. Transfected cells expressing the Ser364Pro mutant connexin43
sequence showed abnormaHties in the regulation of cell-cell communication, as
compared with cells expressing normal connexin43.
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Conclusions. Mutations in the connexin43 gap-junction gene, which lead to
abnormally regulated cell-cell communication, are associated with visceroatrial
heterotaxia syndrome. (N Engl J Med 1995;332:1323-9.)

Birth defects are the leading cause of infant mortality in the United
States, 1 and heart malformations are present in at least half of infants with
such defects.^ Reports of familial malformation syndromes, such as those
involving an atrial septal defect,^ a hypoplastic left ventricle,^1 and the
tetralogy of Fallot,** strongly suggest that genetic factors play a part in a
number of heart defects. Recently, the DiGeorge syndrome (characterized by
aortic-arch anomahes and hypocalcemia) has been mapped to a locus at
22qll , and the Holt-Oram syndrome (heart-hand syndrome) to 12q2.
Mapping of this type led ultimately to the implication of the beta-myosin heavy-

•^Contribution of birth defects to infant mortality — United States, 1986. MMWR Morb Mortal
Wkly Rep 1989;38:633-5.
^Lynberg MC, Khoury MJ. Contribution of birth defects to infant mortality among racial/ethnic
minority groups. United States, 1983. MMWR CDC SurveiU Summ 1990;39:1-12.
^Howitt G. Atrial septal defect in three generations. Br. Heart J. 1961;23:494.
^Kojima H, Ohgimi Y, Mizzutani K, and Nishimura Y. Hypoplastic left heart syndrome in
siblings. Lancet 1969;2:701.
5

Zellers TM, Driscoll DJ and Michels VV. Prevalence of significant congenital heart defects in
children of parents iwth Fallot's tetralogy. Am. J. Cardiol. 1990;65:523.
^Driscoll DA, Budarf ML, Emanuel BS. A genetic etiology for DiGeorge syndrome: consistent
deletions and microdeletions of 22qll. Am. J. Hum. Genet. 1992;50:924-933.
7 Basson CT, Cowley GS, Solomon SD et al. The clinical and genetic spectrum of the Holt-Oram
syndrome (heart-hand syndrome). New Engl. J. Med. 1994;330:885-891.
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chain gene in hypertrophic cardiomyopathy0 and of the fibrillin gene in
Marfan's syndrome.^
Among the genes likely to be involved in cardiac development, the

gap

junction gene connexin43 (alpha\)y which codes for a 43-kd gap-junction
protein, is of particular interest. Like other members of the connexin gene

family, * ^ connexin43 forms membrane-spanning hexameric hemichannels
(connexons), that, when in register in apposed cell membranes, couple to form
a continuous hydrophilic channel through which ions, metabolites and
molecules involved in signal transduction can move from cell to cell. ^ * An
array of many such channels constitutes a gap junction. In the mammalian
heart there are four known gap-junction proteins, of which connexin43 is the
predominant one,12,13 unitmg cardiomyocytes in an electrical syncytium^
and participating in synchronizing the beat rhythm.
8

As the primary

Geisterfer-Lowrance AAT, Kass S, Tanigawa G et al. A molecular basis for familial
hypertrophic cardiomyopathy: a beta cardiac myosin yheave chain eerie missense mutation.
CeU 1990;62:999-1006.

9

Dietz HC, McIntosh I, Sakai LY, et al. Four novel FBN1 mutations: significance for mutant
transcript level and EGF-like domain calcium binding in the pathogenesis of Marfan
syndrome. Genomics 1993;17:468-75.
^Willecke K, Jungbluth S, Dahl E, Hennmann H, Heynkes R, Grzeschik K-H. Six genes of the
human connexin gene family coding for gap junctional proteins are assigned to four
different human chromosomes. Eur J Cell Biol 1990;53:275-80.
^ "^Murray SA and Fletcher WH. Hormone-induced intercellular signal transfer dissociates cyclic
AMP-dependent protein kinase. J. Cell Biol. 98:17 10 (1984).
•^Beyer EC, Paul DL, Goodenough DA. Connexin43: a protein from rat heart homologous to a
gap junction protein from liver. J Cell Biol 1987;105:2621-9.
1 ^Fishman GI, Spray DC, Leinwand LA. Molecular characterization and functional expression of
the human cardiac gap junction channel. J Cell Biol 1990;111:589-98.
■^Veenstra RD and DeHaan RL. Measurement of single channel currents from cardiac gap
junctions. Science 1986;233:972-974.
^ ^ White RL, Spray DC, Campos de Carvalho AC, Wittenberg BA and Bennett MVL. Some
electrical and pharmacological properties of gap junctions between adult ventricular
myocytes. Am. J. Physiol. 1985;249:C447-455.
1 ^Goshima K. Synchronized beating of myocardial cells mediated by FL cells in monolayer
culture and its inhibition by trypsin-treated FL cells. Exp. Cell Res. 1971 ;65:161.
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component of axial internal resistance in the myocardium, connexin43 gap
junctions are an important determinant of intraventricular conduction
velocity. ^ ^
Although evidence for a role of connexin43 and its homologues in
mor phogenesis is only beginning to accumulate,^

one proposed role is the

formation of separate compartments for communication, in which cells that will
share a distinct fate are coupled. In the 8-cell mouse blastula, for example, all
cells are coupled by gap junctions;

after implantation, however, the inner

cell mass and trophectoderm form distinct compartments

21.

which fractionate

oo oo

progressively after gastrulation.

»

The disruption of cell-cell communication

by antibodies to gap junction protein has been shown to result in
developmental defects in mouse20 and amphibian embryos.More recently, a
connexin43 gene "knockout" in mice has been reported to result in fatal heart
malformations involving pulmonic atresia and other conotruncal anomalies.

25

■^Katz AM. Physiology of the Heart, 2nd Ed., Raven Press, pp. 521-522 (1992).
1 ^ IN is hi M, Kumar NM, Gilula NB. Developmental regulation of gap junction gene expression
during mouse embryonic development. Dev Biol 1991;146:117-30.
^ ^ R uan gvor avat CP, Lo CW. Connexin43 3xpression in the mouse embryo: localization of
transcripts within developmentally significant domains. Dev Dyn 1992;194:261-81.
20
Lo CW and Gilula NB. Gap junctional communication in the preimplantation mouse embryo.
CeU 1979;18:399-409.
21 Lo CW and Gilula NB, Gap junctional communication in the post-implantation mouse
embryo. Cell 1979;18:411-422.
22

Kalimi GH and Lo CW. Communication compartments in the gastrulating mouse embryo. J.
Cell Biol. 1988;107:241-255.

23 Kalimi GH and Lo CW. Gap junctional communication in the extraembryonic tissues of the
gastrulating mouse embryo. J. Cell BioL 1989;109:3015-3026.
24 Warner AE, Guthrie SC and Gilula NB. Antibodies to gap-junctional protein selectively
disrupt junctional communication in the early amphibian embryo. Nature 1984;311:127131.
25

Reaume A, deSousa PA, Kulkarni S, et al.. Cardiac malformation in neonatal mice lacking
connexin43. Sicence 1995;267:1831-4.
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Several reports have shown that connexin43 is phosphorylated on serine
residues in vitro and in vivo.

»

»

»

Furthermore, cell-cell communication

in cultured primary cells expressing connexin43 can be controlled rapidly and
reversibly by microinjection of active protein kinases or phosphatases that
target serine or threonine residues.

»

The cytoplasmic carboxyl terminal of

connexin43 contains several predicted consensus sites for phosphorylation by
these enzymes.^O’^k^ Prominent among them are residues 362 to 376, which
contain three tandem Arg-X-Ser-Ser sequences. In this study we demonstrate
that mutations in this region that cause misregulation of cell-cell
communication are associated with complex malformations of the heart and
other organs.

26

Musil LS Beyer EC and Goodenough DA. Expression of the gap junction protein connexin43
in embryonic chick lens: molecular cloning, ultrastructural localization, and posttranslational phosphorylation. J. Membrane Biol. 1990;! 16:163-17 5.

27 Crow DS, Beyer EC, Paul DL, Kobe SS and Lau AF. Phosphorylation of connexin43 gap
junction protein in uninfected and Rous sarcoma virus-transformed mammalian fibroblasts.
Molec. and Cell. Biol. 1990;10:1754-1763.
28
Laird DW, Puranam KL and Revel J-P. Turnover and phosphorylation dynamics of
connexin43 gap junction protein in cultured cardiac myocytes. Biochem. J. 1991;273:6772.
29 Musil LS and Goodenough DA. Biochemical analysis of connexin43 intracellular transport,
phosphorylation, and assembly into gap junctional plaques. J. Cell Biol. 1 991;11 5:13571374.
30Godwin AJ, Green LM, Walsh MP, McDonald JR, Walsh DA and Fletcher WH. In situ
regulation of cell-cell communication by the cAMP-dependent protein kinase and protein
kinase C. Molec. Cell. Biochem. 1993;126/128:293-307.
31
Stagg RB and Fletcher WF. The hormone-induced regulation of contact-dependent cell-cell
communication by phosphorylation. Endocrine Reviews 1990;11:302-325.
32
Kennelly PJ and Krebs EG. Consensus sequences as substrate specificity determinants for
protein kinases and protein phosphatases. J. Biol. Chem. 1991;266:15555-15558.
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B. Methods

1. Clinical Screening

We studied 30 patients with a mean age of 26 months (median,
7 months; range, before birth to 15 years) who had a variety of congenital
heart anomalies, including hypoplastic left and right heart syndromes,
hypertrophic and dilated cardiomyopathies, asplenia and polysplenia
syndromes, hypoplastic aortic arch, atrial and ventricular septal defects,
trisomy 13, and the DiGeorge syndrome, for mutations in the carboxylterminal domain of connexin43. Most of the patients were children receiving
heart transplants at Loma Linda University Medical Center. Twenty-five
DNA sequences from normal subjects were also examined by random
sampling of blood specimens from the clinical laboratory.
The cytoplasmic tail was targeted because this domain appears to
contain most of the plausible sites for post-translational modification of
connexin43, including all of the consensus sequences available for
phosphorylation by the protein kinases that are known to regulate cell-cell
communication.^®’^ 1 By sequencing the entire carboxyl-terminal domain
directly, we avoided making a priori assumptions about which residues or
mechanisms might be important within this region.
All samples containing apparent mutations after sequencing were
cloned and sequenced again by allelic sequencing. Mutations observed after
allelic sequencing were reconfirmed by allele-specific oligonucleotide
hybridization of products of the polymerase chain reaction (PCR).
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The study was approved by the institutional review board at Loma
Linda University Medical Center. When applicable, informed written consent
was obtained from participants.

2. DNA Extraction

High-molecular-weight genomic DNA was isolated from heart tissue or
buffy-coat preparations of whole blood, by established methods.^^’^^

3. PGR Amplification

Each DNA sample was subjected to two rounds of nested PCR. The first
round was designed to exclude any contribution from a processed pseudogene
which has been identified in humans.

35 The entire coding region was amplified,

plus a small portion of an intron in the 5' untranslated region of the gene (the
coding region contains no introns). The second round was used to amplify a
fragment of 400 base pairs (bp) that codes for most of the cytoplasmic-tail
domain. In the first round of amplification (with primers
AACAAACAAAACAAAACACTT and CACCCATCTACCCCATACACC),

^Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting DNA from
human nucleated cells. Nucleic Acids Res 1988;16:1215.
^Forsthoefel KF, Papp AC, Snyder PJ, Prior TW. Optimization of DNA extraction from
formalin-fixed tissue and its clinical application in Duchene muscular dystrophy. Am J Clin
Pathol 1992;98:98-104.
35
Fishman GI, Eddy RL, Shows TB, Rosenthal L and Leinwand LA. The human connexin gene
family of gap junction proteins have distinct chromosomal locations but similar structures.
Genomics 1992;10:250-256.
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1 micro gram of sample DNA was denatured at 94°C for 5 minutes and
amplified for 20 to 25 cycles, each consisting of 45 sec at 94°C, 45 sec at
53°C, and 90 sec at 72°C, followed by a 5-min extension at 72°C. Then,
2.5 microliters of the first-round product was used in the second round of PCR
(with primers GATGGTACCAGAGCGACCCTTACCATGC and
CCTGGATCCTGTTGAGTACCACCTCCA). The product was denatured at
94°C for 5 minutes and amplified for 20 to 25 cycles, each consisting of 30 sec
at 94°C, 30 sec at 53°C, and 30 sec at 72°C, followed by a 5-min extension at
72°C. The PCR reactions used 10 pmol of each primer in a 50 ml reaction
volume; the reaction also contained 1.5 mmol of magnesium chloride and
200 micromol each of deoxyadenosine triphosphate (A), deoxycytidine
triphosphate (C), deoxy guano sine triphosphate (G), and deoxythymidine
triphosphate (T).

4. Sequencing

Sequencing was carried out with the Perkin-Elmer cycle sequencing kit,
according to the manufacturer's protocol. Two hundred fmol of purified
second-round PCR product was used as template, and was sequenced for
35 cycles of arithmetic (single-primer) amplification. Each cycle consisted of
denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, and
extension at 72°C for 30 seconds. Both DNA strands were sequenced.
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5. Allelic Cloning and Sequencing

The second-round PCR product was purified on a Magic PCR
minicolumn (Promega), then ligated to PCR II vector (Invitrogen) and used
to transform One-Shot bacterial cells, as described in the instructions to the
TA cloning kit (Invitrogen). Multiple clones were isolated from each
transformation, and purified with Magic Miniprep DNA purification
minicolumns (Promega), according to the manufacturer's instructions. Up to
six insert-bearing clones were selected for sequencing, which was carried
out with a conventional, double-stranded dideoxy chain-termination method
(U.S. Biochemical).

6. Hybridization with Allele-Specific Oligonucleotides

Two to six duplicate PCR reactions from each sample were blotted
onto a Hybond-N membrane in a vacuum slot-blot apparatus (Vacusystems). Separate membranes were prepared for each hybridization.
Oligonucleotide probes were end-labeled by S'-phosphate exchange
with gamma-^ 2p_ATP, catalyzed by T4 polynucleotide kinase, by standard
methods.^ ^ All the oligonucleotides were 13 bases long and centered on the
targeted mutation. Radiolabelled oligonucleotides were purified on
NACS/Prepac (GIBCO BRL) columns, according to the manufacturer's
instructions.
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Membranes were pre-hybridized for 30 min at 42°C, according to a
standard protocol.^ ^ Hybridization was performed out for two hours at the
melting temperature of the probe, calculated from the formula:

Tm (°C) = 4(G+C) + 2(A+T),

where Tm is the melting temperature in degrees Celsius and G, C, A, and T
are the deoxynucleotides described above. The hybridization solution was
6X sodium citrate buffer (SSC) (IX SSC is 0.15M sodium chloride and
0.015M sodium citrate), 0.1% sodium dodecyl sulfate (SDS), and 0.8 pmol
of labeled probe per milliliter of solution. After hybridization, the
membranes were washed in two changes of 6X SSC and 0.1% SDS, at a
temperature 4°C below the computed Tm of the probe. The washed
membranes were blotted dry, covered with plastic wrap, and
autoradio graphed for one to four days.

7- Preparation of Expression Vectors

A full-length clone of the connexin43 coding sequence was generated by
two rounds of nested PGR and ligated

to a constitutive eukaryotic expression

vector, pCEP4 (Invitrogen), following established methods.

After

transformation and full-length sequencing, one clone, pM0.4, was selected for
subsequent transfection and expression as the prototypic normal connexin43

^^Sambrook J, Fritsch EF and Maniatis T. Molecular Cloning: A Laboratory Manual. 2nd
Edition. N Ford et al., eds. Cold Spring Harbor, New York (1989).
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sequence. This clone was also used to prepare a chimeric mutant construct
that carried the same substitution of proline for serine at position 364 that was
identified in five of the six patients with heterotaxia. The mutant construct was
prepared by excising and replacing a 235-bp restriction-digestion fragment at
the extreme 3’ end of the coding region with a fragment containing the
Ser3674Pro mutation. After transformation, several clones were sequenced in
order to verify that only the targeted mutation has been introduced. One clone,
pMC4, was selected for transfection. The resulting chimera consisted of a
1026-bp sequence encoding most of the structural domains of functionally
normal connexin43 and an engrafted 235-bp fragment containing the targeted
substitution at Ser364.

8. Cell Transfection

L929, a cell line with minimal cell-cell communication under standard
conditions of culture,^ was grown to 80% confluency, trypsinized, washed in
Bulbecco’s modified Eagle’s medium (GIBCO), and resuspended in 2 ml of
phosphate-buffered saline (pF 7.2). Then, 0.5 ml of each suspension was
combined with 10 microgram of pM0.4, mutant DNA, or pCEP4 plasmid in a
cuvette and electroporated in a gene pulser (BioRad) at 500 microfarads of
capacitance and 350 volts. Afterward, the cells were transferred to flasks
containing Dulbecco’s modified Eagle’s medium with 10 percent fetal-calf
serum (Gemini Bioproducts). After two days’ recovery, 200 micrograms of
hygromycin per milliliter of medium was added for the selection of
transformant s.
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9. Immunocyt©chemical Analysis and Western Blotting

Immunocytochemical analysis was performed as described elsewhere.

37

with an antibody specific to residues 360 through 382 of connexin43 that has
been characterized^^ and provided by Drs. Dale Laird (McGill University,
Montreal) and Jean-Paul Revel (California Institute of Technology, Pasadena).
Cell supernatants were prepared, and protein determinations performed,
as described elsewhere.^ 8 Western blotting was done with described
methods,2U28 except that the blocking reagents were those provided in the
BioRad immunoblot kit.
To control for the specificity of antibody binding, we used a cognate
binding peptide that corresponded to residues 360 through 382 of connexin43
that was synthesized by the Protein and Carbohydrate Structure Facility of the
University of Michigan, Ann Arbor, and purified by high-performance liquid
chromatography.

10. Microinjection Studies

After two weeks of culture in the presence of 200 micrograms of
hygromycin per milliliter of medium, transfected L929 cells were
microinjected with 2% Lucifer yellow dye (Molecular Probes) or

Fletcher WH, VanPatten SM, Cheng H-C, Walsh DA. Cytochemical identification of the
regulatory subunit of the cAMP-dependent protein kinase by use of fluorescently labeled
catalyic subunit: examination of protein kinase dissociation in hepatoma cells responding to
8-Br-cAMP stimulation. J Biol Chem 1986;261:5514-23.
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homogeneous purified protein kinases or inhibitors, prepared as described
elsewhere.Chi-square analysis was used to determine whether
differences in the amount of dye transferred were statistically significant.

C. Results

1. Genetic Screening

The twenty-five control sequences that represented a random
sampling of blood specimens from the clinical laboratory had no amino acid
substitutions in the region of interest when they were compared with
GenBank sequence HSCGJP (human sequence cardiac gap-junction
protein). Similarly, of the 30 pediatric transplant patients, 23 had no amino
acid substitutions. One of the remaining seven patients, who had a familial
atrial septal defect, had a Phe335Gln substitution that is under study
(unpublished data). These results show that sequence polymorphisms in this
region of the connexin43 gene are rare, even in a group of patients with
diverse racial and ethnic origins (black, Asian, white, and Hispanic).
Against this conservative background, however, a cluster of mutated
sequences (Fig. 1) was isolated from six children of both sexes who had
visceroatrial heterotaxia syndromes in which complex cardiac malformations
(including right or left atrial isomerism) were combined with abnormaHties of
visceral asymmetry. As a group, these six patients were distinct from the
other 24, none of whom had visceroatrial heterotaxia. Three patients
(Patients 1, 2 and 3) had asplenia syndrome, two (Patients 4 and 5) has
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polysplenia syndrome, and one (Patient 6) resembled the other five with
regard to atrial and bronchopulmonary isomerism and defects of laterality
but had a single, small spleen. At the genetic level, the same mutation,
Ser364Pro, was present in DNA from give of the six patients (Patients 1, 2,
3, 4, and 5) but in none of the 49 DNA samples sequenced from patients
without heterotaxia. A second mutation, Glu352Gly, was present in two
patients (Patients 1 and 6). Two independent mutations of connexiii43 were
identified in four of the six patients: Patient 1, Ser364Pro and Glu352Gly;
Patient 4, Ser364Pro and Ser365Asn; Patient 5, Ser364Pro and Ser373Gly;
and Patient 6, Glu352Gly and Thr326Ala.

2. Transfection and Dye Transfer

All of the serine mutations involving serine residues altered potential
consensus sites for phosphorylation by cyclic AMP (cAMP)-dependent
protein kinase or protein kinase C, which have been previously shown to
regulate connexin43-mediated cell-cell communication.^®’^To determine
whether these mutations were functionally important, communicationdeficient L929 cells were transfected with connexin43 DNA containing the
mutation that leads to the Ser364Pro substitution — the most common
mutant sequence.
Although Northern blotting detected the connexin43 transcript
abundantly in transfected cell lines and in lesser amounts in parental L929
cells (data not shown), immunocytochemical analysis with an antibody highly
specific for connexin4328 revealed punctate staining typical of gap junctions
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in cells transfected with normal or mutant connexin43 DNA, but not in
nontransfected cells (Fig. 2). Western blotting with the same antibody
showed that parental L929 cells and cells transfected with the pCEP4
plasmid both contained the nonphosphorylated parent species of connexin43
and occasionally a barely detectable amount of a 44-kd form of the protein
(Fig. 3). Cells expressing normal or mutant connexin43 contained more of
the parental form of this protein and a large amount of higher-molecularweight species (44 and 46 kd) that probably correspond to the
phosphor ylated forms of connexin43 described in several reports. 26-29
Collectively, these results show that after transfection with normal or
mutant connexin43 DNA, L929 cells can produce connexin43 and modify it
after translation in sufficient quantity to form gap-junction-like membrane
aggregates.
To determine whether these gap junctions mediated cell-cell
communication that could be regulated by phosphorylation, we used
microinjections of the fluorescent dye Lucifer yellow to assess the kinetics and
amplitude of communication, as in previous studies.^ The results are shown
in Table 1. Control cells transfected with the pCEP4 plasmid transferred dye
to neighboring cells less than 10 percent of the time, and this finding was not
substantially affected by the injection of cAMP-dependent protein kinase or
protein kinase C. In contrast, cells expressing normal connexin43 gap junctions
transferred dye to neighboring cells much more often (Fig. 4A and 4B) than
did control cells (P < 0.001), and this level of communication was further
enhanced (P < 0.001) by the microinjection of active cAMP-dependent protein
kinase (Fig. 5A), but not by protein kinase C (Fig. 5B). Cells transfected with
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connexin43 bearing the mutation causing the Ser364Pro substitution also
transferred dye to neighboring cells (Fig. 4C and 4D) much more frequently
than did control cells (P = 0.0033), but significantly less (P < 0.001) than did
cells transfected with normal connexin43. Dye transfer among cells transfected
with mutant connexin43 was unaffected by the injection of cAMP-dependent
protein kinase (Fig. 5C) but was significantly increased by the injection of
protein kinase C (Fig. 5D) (P < 0.001) for the comparison with untreated
mutant cells).

D. Discussion

Clinically, visceroatrial heterotaxia represents a spectrum of conditions,
some asymptomatic and some incompatible with life. The more severe asplenia
and polysplenia syndromes have an estimated incidence of 1 in 10,000 to 1 in
20,000 live births, or about 1 percent of all congenital heart defects. The
occurrence is usually sporadic, but familial cases have been described,^
and most have been interpreted as demonstrating autosomal recessive
transmission.^^ An X-linked form has recently been mapped to the region

38

McKusick VA. Mendelian Inheritance in Man (Johns Hopkins Univ. Press, Baltimore), p. 1236
(1992).

3 9 McChane RH, Hersh JH, Russell LJ, and Weisskopf B. Ivemark's "asplenia" syndrome: a
single gene disorder. Southern Med. J. 1989;82:1312-1313.
40
Arnold GL, Bixler D, and Girod D. Probable autosomal recessive inheritance of polysplenia,
situs inversus and cardiac defects in an Amish family. Am. J. Med. Genetics 1983; 16:3542.
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Xq24-q27.1,41 and other cases have been associated with chromosomal
translocations (such as that between chromosomes 12 and 13) and deletions
(involving chromosomes 10 and 13), 4^ and with monozygotic twinning.4^ A
form of heterotaxia occurs in iv/iv mice, and it has been mapped to a region
syntenic with human chromosome 14.44 Taken together, this evidence strongly
suggests that visceroatrial heterotaxia is clinically and genetically
heterogeneous, and that normal laterality develops by a complex mechanism.
At present, most heterotaxic patients are treated by palliative
procedures rather than by orthotopic cardiac transplantation. Our group of
transplant recipients was thus effectively preselected to represent the severe
end of the heterotaxia spectrum. Despite the complexity of the malformations in
these patients, they have an underlying anatomical similarity, as described
above. The constancy of pulmonary atresia or stenosis is notable in view of the
findings of a similar anomaly mice with "knockout" of the connexin43 gene. We
suggest, therefore, that the connex.in43 mutations reported here define a
distinctive subtype of visceroatrial heterotaxia.
Five of the six patients with heterotaxia, who had no common kinship.
share a Ser364Pro substitution, and in four patients a second connexin43
mutation has been identified in the carboxyl-terminal region. Because the
remaining two patients may well have mutations elsewhere in the connexin43
Casey B, Devoto M, Jones KL, and Ballabio A. Mapping a gene for familial situs abnormalities
to human chromosome Xq24-q27.1. Nature Genetics 1993;5:403-405.
4 2 Carmi R, Boughman JA, and Rosenbaum KR Human situs determination is probably
controlled by several different genes. Am. J. Med. Genetics 1992;44:246-247.
Noonan JA. Twins, conjoined twins and cardiac defects. Am J Dis Child 1978;132:17-8.
44Brueckner M, D'Eustachio P, and Horwich AL. Linkage mapping of a mouse gene, IV, that
controls left-right asymmetry of the heart and viscera. Proc Natl Acad Sci USA
1989;86:5035-5038.
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gene (whose over all length is estimated at 15,000 bp), 12,13,45 these data are
consistent with recessive transmission of this syndrome, as is the report that a
stillborn sibling of patient A16 was afflicted with similar heart malformations.
Although the microinjection data show that the Ser364 mutation
results in a strikingly altered response to regulation by two protein kinases,
it is premature to propose a pathogenetic mechanism for heterotaxia, because
little is known at present about how normal laterality develops.
Nonetheless, it is worth pointing out that, however the left and right sides
may differ, asymmetry requires that there be a functional separation between
them — that is, that the left and right sides constitute developmental
compartments, as described earher. In this context, it is relevant that, in
transgenic mouse embryos containing a connexin43 promoter-drivenrlacZ
reporter gene, incipient connexin43 expression (i.e., lacZ) shows an
asymmetric left-right pattern in various tissues. Moreover, transgenic mice
that overproduce connexin43 have developmental perturbations, including
defects in laterality such as embryonic turning and malrotation of the heart
tube at the D-loop stage (Lo CW: personal communication). It appears, then,
that gap junctions containing the Ser364Pro mutant connexin43 do not
respond normally to regulatory phosphorylations. Such failure may perturb
left-right boundary formation, allowing laterality to develop in a random
manner that ultimately appears as visceroatrial heterotaxia.
Since none of the mutations observed in heterotaxic patients affect
putative channel-forming domains of the connexin43 protein, we expect

^ ^Sullivan R, Ruangvoravat C, Joo D, et al. Structure, sequence and expression of the mouse
Cx43 gene encoding connexin43. Gene 1993;130:191-9.
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future work to show that the products of all of these mutant genes are
competent to form channels in appropriate circumstances. It is the regulation
of channel function (i.e., cell-cell communication) that, according to our
hypothesis, should be aberrant. Conceivably, then, the resulting
disturbance of function may be more insidious than that occasioned by
complete inactivation of the connexin43 gene. We believe that the
disturbances of internal symmetry seen in our heterotaxic patients offer an
important clue to the timing and location of the regulatory events critical to
the early stages of heart development in humans.
We are indebted to Drs. Leonard Bailey, Mark Boucek, and Ranae
Larsen for clinical support; to Drs. Dale Laird, Jean-Paul Revel, Klaus
Willecke, Otto Traub, and Daniel Gros for providing anti-connexin43
antibodies; to Dr. Glenn Fishman for supplying an unpublished connexin43
intron sequence; and to Anna-Marie Martinez for assistance in the
preparation of the manuscript.

130
Table 4. Transfer of Dye from Cell to Cell

Treatment

Transfected with
Plasmid Only*

Transfected with Connexin43
Normal Form

Mutant Form

Number of cells that transferred dye/
number injected with dye (%)

None

10/109(9)

132/266(50)

28/118(24)

cAMP-dependent
protein kinase

10/116(9)

104/151 (69)

21/80 (26)

Protein kinase C

6/45 (13)

40/87 (46)

39/78(50)

*The pCEP4 plasmid was used to transfect these cells.
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Figure 1. Comparison of Sequences in the Terminal Serine Box Region.
Deoxyinosine triphosphate was substituted for deoxy guano sine triphosphate in the
sequence reaction mixture to minimize compression artifacts; this resulted in
occasional stops across all four lanes in places where the gel sequence should be read
as deoxycytidine. The sites of mutations, indicated by asterisks, are as follows:
Patient 4, AGC (Ser365) to AAC (Asn); Patient 1, TCA (Ser364) to CCA (Pro); and
Patient 5, AGC (Ser 373) to GGC (Gly).
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Figure 2. L929 Cells without Transfection and after Transfection with Normal and
Mutant Connexin43 (X1400). A phase-contrast photomicrograph shows the
nontransfected cells (Panel A). A fluorescence photomicrograph of the same cells
(Panel B) demonstrates the binding of anti-connexin43 primary antibody. Only
occasional punctae are seen, and diffuse background staining is the predominant
feature. A phase-contrast image shows cells transfected with wild-type connexin43
(Panel C). A fluorescence photomicrograph of the same cells (Panel D), treated as in
Panel B, shows abundant punctate staining, particularly around areas of cell-cell
contact, which occurs frequently where cellular processes contact neighboring cells.
A phase-contrast image of cells transfected with connexin43 bearing a Ser364Pro
mutation is shown in Panel E. A fluorescence photomicrograph of the same cells
(Panel F) shows abundant punctate staining, particularly around areas of cell-cell
contact.
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Figure 3. Western Blot of Coimexin43 Immunoprecipitated from Supernatants of
Parental and Transfected L929 Cells. Lanes 2 through 5 were each loaded with 20
micrograms of total protein. Lane 1 shows prestained low-molecular-weight
standards (BioRad). Lane 2 shows nontransfected cells with a prominent band at 42
to 43 kd. Lane 3 shows cells transfected with normal connexin43. The band at 42 to
43 kd is more prominent than that of the parental cells, with additional bands at 44
and 46 kd. Lane 4 shows cells transfected with connexin43 bearing the Ser364Pro
mutation. The immunoreactive bands are similar to those in lane 3 except that the
44-kd band is shifted slightly downward. Lane 5 shows cells transfected with the
pCEP4 plasmid. There is a single prominent band at 42 to 43 kd, similar to that of
nontransfected cells, and a very minor band at 44 kd. The minor band at 29 to 30 kd
in lanes 3 and 4 has been attributed to a degradation product of connexin43.
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Figure 4. Transfer of Dye by L929 Cells after Transfection with Normal and Mutant
Connexin43 (X 630). A phase-contrast photomicrograph (upper left) shows cells
transfected with normal coimexin43. In the corresponding fluorescence
photomicrograph (upper right), the cells marked with asterisks were microinjected
with 2 percent Lucifer yellow dye; four of seven cells transferred the dye to
contacting cells (the faint mark in the lower center of the field is a leakage artifact).
A phase-contrast photomicrograph (lower left) shows cells transfected with
connexin43 bearing the Ser364Pro mutation. In the corresponding fluorescence
photomicrograph (lower right), two of seven marked cells transferred Lucifer yellow
dye to contacting cells.
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Figure 5. Fluorescence Photomicrographs of L929 Cells Transfected with Normal
Conxiexin43 or with Connexin43 Bearing the Ser364Pro Mutation (X630). In Panel
A, the cells marked with asterisks were microinjected with purified catalytic subunit
of cAMP-dependent protein kinase, followed five minutes later by Lucifer yellow
dye. All four cells transferred the dye to contacting cells. In Panel B, the cells
marked with asterisks were microinjected with purified protein kinase C, followed
five minutes later by Lucifer yellow dye. Three of four cells transferred the dye to
contacting cells. In Panel C, the cells marked with asterisks were microinjected with
purified catalytic subunit of cAMP-dependent protein kinase, followed three minutes
later by Lucifer yellow dye. Three of 10 cells transferred the dye to contacting cells.
In Panel D, the cells marked with asterisks were microinjected with purified protein
kinase C, followed five minutes later by Lucifer yellow dye. Three of four cells
transferred the dye to contacting cells.

CHAPTER 4. SUMMARY AND ADDITIONAL DISCUSSION

A. Sununary

1. Background.

Connexm43 is the principal gap junction protein in adult and fetal
mammalian heart, where it has been shown to electrotonically couple
ventricular cardiomyocytes. It is not unique to heart, but is also found in
vascular endothelium, astrocytes, myometrium, and epithelia of the lens,
kidney tubule, and ovarian follicles. Its function in these tissues is yet to be
established, but, in common with other gap junctions, it has physical and
structural properties which could potentially contribute to ligand-induced cell
cell signaling, as well as ionic and metabolic coupling.
Evidence has shown that connexin43 is serine phosphorylated in vivo,
yielding two or more lower-mobility species which vary in apparent molecular
weight from 43 to 47 kDa. Various conductance states have been demonstrated
for connexin43 channels, and artificial connexin43 truncation mutants show
conductance properties different from those of the native protein.1 Dye-transfer
studies have shown that cell-cell coupling can be modulated by microinjection
of active serine/threonine protein kinases or phosphatases. In particular,
cAMP-dependent protein kinase (protein kinase A) appears to maintain

1Fishman GI, Moreno AP, Spray DC, and Leinwand LA 1991. Functional analysis of human
cardiac gap junction channel mutants. Proc. Natl. Acad. Sci. USA 88(9):3525-9.
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channels in an open (high conductance) configuration, while calciumsensitive/phospholipid-dependent protein kinase (protein kinase C) can open or
close channels, depending upon the prior phosphorylation state of
ft

connexin43.2 The carboxyl-terminal cytoplasmic domain of connexin43 contains
several predicted consensus sites for phosphorylation by these enzymes.3,4
Prominent among these is a terminal serine box (residues 362 to 376), which
consists of three Arg-X-Ser-Ser sequences, repeated with the approximate
periodicity of an alpha helix. Although located within a genetically variable
domain, these residues have been highly conserved in all connexin43
sequences known at this time.
The effects of microinjected protein kinase A and protein kinase C are
maximal within three to five minutes, and may be sufficiently rapid within the
endogenous cellular system as to accommodate momentarily changing demands
in cardiac performance or metabolic activity. For example, decreasing the axial
internal resistance would increase the speed of transmission of the cardiac
contractile impulse under conditions of increased heart rate, preserving
synchronicity of contraction and optimizing force generation, while reducing the
likelihood of arrhythmias secondary to aberrant pathways of conduction. Both
this decreased axial resistance and increased heart rate could conceivably be

2Ref. Godwin, Fletcher. Notably, these studies were done on ovarian granulosa cells, which
possess Cx43-type gap junctions, but do not produce transcripts for Connexins 42 or 45,
which are also expressed in developing or adult heart. See EC Beyer, J Biol. Chem
265:14439(1990).
3PJ Kennelly and EG Krebs, 1991. Consensus sequences as substrate specificity determinants
for protein kinases and protein phosphatases. J. Biol. Chem. 266:15555-8
4DA Walsh, DB Class and RD Mitchell, 1992. Substrate diversity of the cAMP-dependent
protein kinase: regulation based on multiple binding interactions. Curr. Opin. Cell Biol.
4:241-51.
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mediated by the beta-adrenergic pathway, which uses cAMP as a second
messenger. In addition, diffusion of cAMP itself through connexin43 gap
junctions may be a significant pathway for adrenergic control of any
cardiomyocytes which lack beta-adrenergic receptors. In another context,
uncoupling of connexin43 gap junctions has been proposed as a mechanism of
"healing over", insulating ischemically damaged cardiomyocytes, whose mem
brane depolarization might otherwise act as a focus of ectopic excitation. As
mentioned in Chapter 1, decreased pH has been shown to be a strong inhibitor
of connexin43 gap junctional coupling. It is not difficult to extend this idea, to
hypothesize that uncoupling of metabolically depleted cardiomyocytes, which
transiently accumulate lactic acid, may occur routinely during periods of peak
myocardial exertion, allowing fatigued cells to "drop out", and then rejoin their
neighbors after a period of metabolic recovery. This idea, of course, would
constitute a significant modification of the classical "all or nothing" principle of
myocardial contraction. While all these roles are only putative, such possibil
ities suggest that mutations in connexin43 could result in significant changes in
cardiac performance. Moreover, mutations at different sites might preferentially
affect one or another of these aspects; a set of distinct or overlapping
connexin4 3-associated abnormalities might exist, including changes in conduc
tion properties (for example, a long P-R interval or widened QRS complex);
arrhythmias, occurring either at rest or at times of increased sympathetic
stimulation; or cardiomyopathies, occurring as the cumulative effect of cellular
exhaustion and overload during periods of peak metabolic demand.
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Evidence has been cited to suggest that connexin43, possibly in
conjunction with other connexins, may play a role in compaction of the embryo
and in the definition of morphogenetic compartments.5’6 Connexin43 protein can
be detected in the 4-cell mouse embryo, one full cell division before cell-cell
coupling can be demonstrated, either by dye transfer or measurement of
electrical coupling. Ruangvoravat and Lo observed that connexin43 transcripts
were found abundantly in regions transected by communication restriction
boundaries. These results suggest that the presence of connexin within
adjoining cells is not, in and of itself, sufficient for cell-cell communication.
The previously cited examples of reduced dye transfer in response to
phosphatase or phorbol esters suggests a potential mechanism for maintaining
assembled gap junctions in a non-functional state. Similarly, increased cell-cell
communication in response to cAMP-dependent protein kinase may be a means
for a synchronous and rapid response to stimulation by hormones or other
modulators of cellular cAMP concentrations. Such regulation would permit
programmed control of communication restriction boundaries and of gradients
of diffusible morphogens, in a more rapid and subtle way than regulation of
transcription and translation.

2. Hypothesis
While the role of rapid, reversible regulation by phosphorylation and
dephosphorylation has yet to be established, the evidence reviewed in the

5Lo CE, and Gilula NB, 1979. Gap junctional communication in the post-implantation mouse
embryo. Cell 18:411-422.
6Kalimi GH, and Lo CW, 1988. Communication compartments in the gastrulating mouse
embryo. J. Cell Biol. 107:241-255.
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preceding chapters suggests that regulation of connexin43 function by posttranslational phosphorylation is more than an epiphenomenon or experimental
artifact — that it is, in fact, physiologically significant. Such a process may
have different effects, depending upon the context: thus, in the beating heart,
for example, it may regulate the recruitment or sequestration of cardiomyocytes
in response to cellular metabolic status or cardiac demand; in the suppression
of ectopic foci emanating from depolarized ischemic or dying cells; or in the
suppression of circus rhythms under conditions varying from very slow to very
rapid heartbeat. In organogenesis, on the other hand, cell-cell communication
may be regulated either to form boundaries between groups of cells
programmed to undergo divergent lines of development, or to provide channels
for the critically timed delivery of morphogenetic signals via a closed
intracellular pathway, distinct from endocrine or paracrine pathways, which
might be subject to perturbation by contributions from maternal hormones.
In accordance with this premise, it was hypothesized that any factor
which significantly altered Cx43 post-translational regulation could manifest
itself clinically as either a disturbance in rhythm of the heart, or as a
congenital heart defect, or both. A heart expressing such a mutation might be
grossly functional, even though malformed or aberrant in its responsiveness to
hormonal or metabolic signals. On the other hand, mutations in domains which
are critical for channel formation would most likely interfere with
synchronization of the heartbeat, and would be lethal at an early stage of
development. As a consequence of this, it was reasoned that direct screening of
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patients referred from a suitably large population base could detect mutations
in those Cx43 domains involved in the regulation of cell-cell communication,
but not necessarily in domains crucial for channel formation.

3. Genetic Screening

To test the hypothesis, patients with a variety of congenital heart defects
and cardiomyopathies were screened for mutations in the carboxyl-tail region of
connexin43. Thirty patients and 25 normal controls were screened, using a
blind selection protocol until the first mutation (A16) was detected. Most of the
patients were pediatric heart transplant recipients at Loma Linda University
Medical Center. DNA was extracted from heart tissue, or, in the case of the
controls, from nucleated blood cells, and was then subjected to two rounds of
nested polymerase chain reaction (PCR). For all of the patient samples, the
second-round PCR product was then cloned into a plasmid vector, and
multiple clones were sequenced from each patient. For control samples, the
second-round PCR product was subjected to direct PCR sequencing. The
authenticity of mutations detected was confirmed by hybridization with
oligonucleotides specific for each mutation, using blots of products from
multiple PCR reactions performed on multiple DNA samples, using multiple
sets of PCR primers.
Results of this screening showed that the Cx43 sequence is highly
conserved in the region of interest, with 23 out of the 30 patient samples, and
all of the 25 control samples, showing no amino acid substitutions. One patient
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sample exhibited a silent mutation (G—»A), which conserved a Leu codon at
position 356. One patient, with familial atrial septal defect, had a Phe335Leu
substitution. Another six patients, all with visceroatrial heterotaxia syndromes,
had mutations in or near the terminal serine box region of the extreme carboxyl
tail. Four of these patients had two mutations within this region; the remaining
two each had one mutation within the terminal serine box, plus one additional
single base insertion within a well-conserved portion of the 3‘ untranslated
region, just downstream of the stop codon. The substitution Ser364Pro was
present in five of the six patients; the substitution Glu352Gly was shared by
two patients.
Therefore, it was concluded that these mutations are clustered with a
frequency far higher than the level of mutation evident within the larger group
of 48 patients and controls, whose homogeneity suggests that background due
to naturally occurring polymorphisms or random PCR-introduced errors is
rather small. These syndromes, as described, may be related by etiology or
mechanism. If so, their involvement as a group would be more than a chance
occurrence. The occurrence of these mutations, as predicted by the
hypothesis, suggests that functional regulation of Cx43 by phosphorylation may
indeed play a role in cardio gene sis, as well as in the development of visceral
asymmetry, for which the downwardly migrating heart-forming mesoderm may
be a crucial organizing element.
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4. Transfection and Dye Transfer

All of the serine mutations identified appeared to alter consensus sites
for phosphorylation by cAMP-dependent protein kinase or by protein kinase C,
which have been previously shown to regulate connexin43-mediated cell-cell
communication.7 To determine whether these mutations were functionally
significant, communication-deficient L929 cells were transfected with
Ser364Pro-mutant connexin43, representing the most common variant
sequence observed.
Transfection of L929 cells with fully normal connexin43 significantly
increased cell-cell communication (Figure 4 c, d), relative to that seen in L929
cells transfected with pCEP4 plasmid alone (Figure 4 a, b). Whereas fewer
than 10% of the latter (9/109 total injections) engaged in dye transfer, wildtype connexin43 transfectants transferred dye to contacting neighbors 50% of
the time (132/266). Of these, 26% (70/266) engaged in dye transfer into cells
in secondary contact with the injected cell, whereas only 2% (2/109) of the
pCEP4 transfectants did so. Cells transfected with mutant connexin43 also
engaged in dye transfer; however, only 24% (28/118) did so, and only 7%
showed transfer to cells in secondary contact. With both connexin4 3
transfectants, dye transfer was maximal in 1 to 3 minutes. Chi-square analysis
verified that the differences in dye transfer scores were significant (p < 0.005).
Microinjection of pCEP4-transfected cells with either protein kinase C or
the catalytic subunit of cAMP-dependent protein kinase showed no detectable
7Godwin AJ, Green LM, Walsh MP, McDonald JR, Walsh DA, and Fletcher WH, 1993. In situ
regulation of cell-cell communication by the cAMP-dependent protein kinase and protein
kinase J. Mol. Cell. Biochem 127-128:293-307.
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alteration in the low levels of dye transfer observed. For cells transfected with
wild-type connexin43, microinjection of the catalytic subunit of cAMPdependent protein kinase markedly increased dye transfer, especially to cells
in secondary contact. Cells transfected with mutant connexin43, however,
showed only a minimal increase of dye transfer in response to cAMP-dependent
protein kinase. On the other hand, microinjection of protein kinase C was
relatively ineffective in wild-type transfectants, but markedly increased both
primary and secondary dye transfer in Ser364Pro mutants.

B. Additional Discussion

1. Genetics of Congenital Heart Disease

A comprehensive review of the contribution of genetic factors to
congenital heart disease is beyond the scope of this chapter. However, a brief
synopsis is in order. Comparison of monozygotic twins with other siblings and
relations has suggested a genetic basis for variations in cardiac morphology and
function, including coronary artery caliber and branch geometry,8 baseline
heart rate,9 P-R and Q-T intervals,10 QRS duration,11 and atrioventricular

8Herrington DM, and Pearson TA, 1987. Clinical and angiographic similarities in twins with
coronary artery disease. Am. J. Cardiol. 59:366-7.
9Hawlik RJ, Garrison RJ, Fabsitz R, and Feinleib M, 1980. Variability of heart rate, P-R, QRS
and QT durations in twins. J. Electrocardiol. 13:45-8.
10Hawlik RJ, Garrison RJ, Fabsitz R et al., 1980. Variability of heart rate, P-R, QRS and QT
durations in twins. J. Electrocardiol. 13:45.
11Hawlik RJ, Garrison RJ, Fabsitz R et al., 1980. Variability of heart rate, P-R, QRS and QT
durations in twins. J. Electrocardiol. 13:45.
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conduction time.12’13 Chromosomal defects have been noted in 5 to 13% of liveborn children with congenital heart defects, and in more than 40% of fetuses
with ultrasonographically detected congenital heart disease at 18 to 20 weeks
gestation.14’15’16’17 Chromosomal trisomies have classically been associated with
cardiac defects: trisomy 21 (Down syndrome) is associated with endocardial
cushion defects, which have been attributed to increased adhesiveness of
fibroblasts;18 trisomy 18 (Edwards syndrome) is associated with cell migration
defects, including septal defects and persistence of the left superior vena cava;
and trisomy 13 (Patau syndrome) is associated with septal defects, dextrocardia
and bicuspid semilunar valves. Similarly, Turner syndrome (45,X karyotype) is
associated with not only the well-known coarctation of the aorta and bicuspid
aortic valve, but also dextrocardia, hypoplastic left heart, and partial
anomalous pulmonary venous return.

a. Conduction Disorders. A number of familial conduction disorders
have been described in the literature. These include variants of congenital

12Moller P, and Heiberg A, 1980. Atrioventricular conduction time — a heritable trait? II.
Family studies. Clin. Genet. 18:454-5.
13Moller P, Heiberg A, and Berg K, 1982. The atrioventricular conduction time — a heritable
trait? III. Twin studies. Clin. Genet. 21:181-3.
14Eriksen NL, Buttino L, and Juberg RC, 1989. Congenital pulmonary atresia with intact
ventricular septum, tricuspid insufficiency, and patent ductus arteriosus in two sibs. Am. J.
Med. Genet. 32:187-8.
15Ferencz C, Neill CA, Boughman JA, Rubin JD, Brenner JI, and Perry LW, 1989. Congenital
cardivascular malformations associated with chromosome abnormalities: An epidemiologic
study. J. Pediatr. 114:7 9-86.
16Berg KA, Clark EB, Astemborski JA, and Boughman JA, 1988. Prenatal detection of
cardiovascular malformations by echocardiography: An indication for cytogenetic evaluation.
Am. J. Obstet. Gynecol. 159:477-81.
17Schinzel AA, 1983. Cardiovascular defects associated with chromosomal aberrations and
malformation syndromes. Prog. Med- Genet. 5:303-7 9.
18 Wright TC, Orkin RW, Destrempes M, and Kurnit DM, 1984. Increased adhesiveness of Down
syndrome fetal fibroblasts in vitro. Proc. Natl. Acad. Sci. USA 81:2426-30.
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nodal rhythm;19 Wolff-Parkinson-White syndrome20 and other syndromes of
preexcitation and accessory conduction pathways;21 arrhythmogenic right
ventricular dysplasia;22’23 Ward-Romano syndrome, an autosomal dominant
disorder involving syncope, sudden death, and prolonged QT interval;24’25
Jervell-Lange-Nielsen syndrome, an autosomal recessive disorder involving
congenital deaf-mutism, prolonged QT interval, and sudden death;26’27 and
other forms of fatal and potentially fatal arrhythmias.28’29 Familial forms of
heart block constitute a venerable tradition in the literature, beginning with
descriptions by Morquio of his eponymic syndrome,30 and by Osier of familial

^Bacos JM, Eagan JT, and Orgain ES, 1960. Congenital familial nodal rhythm. Circulation
22:887.
^Chia BL, Yew FC, Chay SO, and Tan AT, 1982. Familial WoKf-Parkinson-White syndrome- J.
Electrocardiol. 15:195-8.
21 Vidaillet HJ, Pressley JC, Henke E, Harrell FE Jr., and German LD, 1987. Familial
occurrence of accessory atrioventricular pathways: Preexcitation syndrome. New Engl J Med
317:65-9.
22Laurent M, Descases C, Biron Y, Deplace C, Almange C, and Daubert JC, 1987. Familial form
of arrhythmogenic right ventricular dysplasia. Am. Heart J. 113:827-9.
23Ruder MA, Winston SA, Davis JC, Abbott JA, Eldar M, and Scheinmann MM, 1985.
Arrhythmogenic right ventricular dysplasia in a family. Am. J. Cardiol. 56:799-800.
^WardOC, 1964. A new familial cardiac syndrome in children. J. Ir. Med. Assoc. 54:103.
25Romano C, 1965. Congenital cardiac arrhythmia. Lancet 1:658.
26 Jervell A, and Lange-Nielsen F, 1957. Congenital deaf-mutism, functional heart disease with
prolongation of Q-T interval and sudden death. Am. Heart J. 54:59.
27 Fraser GR, Froggatt P, and Murphy T, 1964. Genetical aspects of the cardioauditory
syndrome of Jervell and Lange-Nielsen (congenital deafness and electrocardiographic
abnormalities). Ann. Hum. Genet. 28:133.
28Gault JH, Cantwell J, Lev M, and Braunwald E, 197 2. Fatal familial cardiac arrhythmias. Am.
J. Cardiol. 29:548-53.
^Gulotta SJ, das Gupta R, Padmanabhan VT, and Morrison J, 1977. Familial occurrence of
sinus bradycardia, short PR interval, intraventricular conduction defects, recurrent
supraventricular tachycardia, and cardiomegaly. Am. Heart J. 93:19-29.
^Morquio L, 1901. Sur une maladie infantile et familiale caracterisee par des modifications
permanentes du pouls, des attaques syncopales et epileptiformes et la mort subite. Arch.
Med. d'Enfants 4:467.
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Stokes-Adams syndrome.31 While congenital heart block is often attributable to
maternal systemic lupus erythematosus, reports of familial cases abound in the
literature.32’33’34’35’36’37’38’39’40 Familial bundle branch block has also been
described.41 »42»43

b. Malformations. Familial cases have been reported for a great many
types of cardiac malformations, including congenitally corrected transposition of
the great arteries;44 congenital aortic stenosis (including subaortic45’46’47 and

31 Osier W, 1903. On the so-called Stokes-Adams disease. Lancet 2:516.
32 Wendkos MH, and Study RS, 1947. Familial congenital complete atrioventricular heart block.
Am. Heart J. 34:138.
33Connor AC, McFadden JF, Houston BJ, and Finn JL, 1959. Familial congenital complete heart
block. Am. J. Obstet. Gynecol. 78:75.
^Wallgren G, and Agorio E, 1960. Congenital complete atrioventricular block in three siblings.
Acta Paediatr. 49:49.
35Crittenden IH, Latta H, and Ticinovich DA, 1964. Famihal congenital heart block. Am. J. Dis.
Child. 108:104.
36Khorsandian RS, Abdol-Nabi Moghodam, and Muller O, 1964. Familial congenital AV
dissociation. Am. J. Cardiol. 14:118.
37 Nakamura FF, and Nadas AS, 1964. Complete heart block in infants and children. New Engl.
J. Med. 270:1261.
^Gazes PC, Culler RM, Taber E, and Kelly TE, 1965. Congenital familial cardiac conduction
defects. Circulation 32:32.
^Sarachek NS, and Leonard JJ, 1972. Familial heart block and sinus bradycardia.
Classification and natural history. Am. J. Cardiol. 29:451-8.
40Lynch HT, Mohiudbin S, Moran J, Kaplan A, Sketch M, Zencka A, and Runco V, 197 5.
Hereditary progressive atrioventricular conduction defect. Am. J. Cardiol. 36:297-301.
41 Husson GS, Blackman MS, Rogers MC, Bharati S, and Lev M, 1973. Familial congenital
bundle branches system disease. Am. J. Cardiol. 32:365-9.
42Stephan E, 1978. Hereditary bundle branch system defect. Am. Heart J. 95:89-95.
^Esscher EB, Hardell LI, and Michaelsson, 1975. Familial, isolated, complete right bundle
branch block. Br. Heart J. 37:745-7.
^Shem-Tov A, Deutsch V, Yahini JH, Kraus Y, and Neufeld HN, 1971. Corrected
transposition of the great arteries. Am. J. Cardiol. 27:99-113.
45Reynolds JL, Nadas AS, Rudolph AM, and Gross RE, 1960. Critical congenital aortic stenosis
with minimal electrocardiographic changes. A report on two siblings. New Engl. J. Med.
262:276.
46Gale AW, Cartmill TB, and Bernstein J, 1974. Familial subaortic membranous stenosis. Austr.
N.Z. J. Med. 4:576-81.
47 Richardson ME, Menahem S, and Wilkonson JL, 1991. Familial fixed subaortic stenosis. Int. J.
Cardiol. 30:351-3.
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supravalvular variants,48’49’50 as well as congenital bicuspid aortic valve51)
coarctation of the aorta;52 congenital pulmonic atresia,53’54 pulmonic stenosis55
and pulmonic dysplasia56 (including familial forms of Noonan and Williams
syndromes);57’58 Ebstein's anomaly;59’60’61 secundum type atrial septal defect
(both isolated62’63 and associated with more complex malformations, such as

48Logan WFWE, and Jones EW, 1965. Familial supravalvular aortic stenosis. Br. Heart J.
27:547.
49Page HL, Vogel JHK, Pryor R, and Blount SG, 1969. Supravalvular aortic stenosis. Am. J.
Cardiol. 23:270-7.
50Dumoulin M, and Van der Hauwaert L, 1978. Familial supravalvular aortic stenosis. Acta
Paediatr. Belg. 31:129-38.
51 McDonald K, and Maurer BJ, 1989. Familial aortic valve disease: Evidence for a genetic
influence? Eur. Heart J. 10:676-7.
52Beekman RH, and Robinow M, 1985. Coarctation of the aorta inherited as an autosomal
dominant trait. Am. J. Cardiol. 56:818-9.
^Chitayat D, McIntosh N and Fouron J, 1992. Pulmonary atresia with intact ventricular septum
and hypoplastic right heart in sibs: A single gene disorder? Am. J. Med. Genet. 42:304-6.
^Eriksen NL, Buttino L, and Juberg RC, 1989. Congenital pulmonary atresia with intact
ventricular septum, tricuspid insufficiency, and patent ductus arteriosus in two sibs. Am. J.
Med. Genet. 32:187-8.
55Klinge T and Laursen HB, 1975. Familial pulmonary stenosis with underdeveloped or normal
right ventricle. Br. Heart J. 37:60-4.
56Koretzky ED, Moller JH, H=Korns ME, Schwartz CJ, and Edwards JE, 1969. Congenital
pulmonary stenosis resulting from dysplasia of the valve. Circulation 40:43-53.
57 Baird PA, and De Jong BP, 1972. Noonan's syndrome (XX and XY Turner phenotype) in three
generations of a family. J. Pediatr. 80:110-4.
58Traisman ES and Traisman HS, 1982. Noonan syndrome. A report of male-to-male
transmission. Clin. Pediatr. 21:51-3.
^Donegan CC, Moore MM, Wiley TM, Hernandez FA, Green JR, and Schibler CL, 1968.
Familial Ebstein's anomaly of the tgricuspid valve. Am. Heart J. 7 5:375-9.
^Emanuel R, O'Brien K, and Ng R, 1976. Ebstein's anomaly. Genetic study of 26 families. Br.
Heart J. 38:5-7.
61 Balaji S, Dennis NR, and Keeton BR, 1991. Familial Ebstein's anomaly: A report of 6 cases in
two generations associated with mild skeletal abnormalities. Br. Heart J. 66:26-8.
62Bizarro RO, Callahan JA, Feldt RH, Kurland LT, Gordon H, and Brandenburg RO, 1970.
Familial atrial septal defect with prolonged atrioventricular conduction. Circulation
41:677-83.
^Bjornstad PC, 1974. Secundum type atrial septal defect with prolonged PR interval and
autosomal dominant mode of inheritance. Br. Heart J. 36:1149-54.
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scimitar syndrome64 and Holt-Oram, or "heart-hand" syndrome65’66);
atrioventricular septal defect and endocardial cushion defects;67 total
anomalous pulmonary venous return;68’69 ventricular septal defects;70
tetralogy of Fallot;71’72’73 double-outlet right ventricle;74 patent ductus
arteriosus;75’76 univentricular heart;77 truncus arteriosus,78 and hypoplastic
left heart syndrome.79’80 In contrast, familial forms have not been described for
congenital mitral stenosis and tricuspid atresia. In many familial anomalies,
multiple patterns of genetic transmission have been suggested; others are
^Neill CA, Ferencz C, Sabiston DC, and Sheldon H, 1960. The familial occurrence of
hypoplastic right lung with systemic arterial supply and venous drainage ("scimitar
syndrome"). Bull. Johns Hopkins Hosp. 107:1.
65Pruzanksi W, 1964. Familial congenital malformations of the heart and upper limbs. A
syndrome of Holt-Oram. Cardiologia 45:21.
66Gall JC Jr., Stern AM, Cohen MM, Adams MS, and Davidson RT, 1966. Holt-Oram syndrome:
clinical and genetic study of a large family. Am. J. Hum. Genet. 18:187-200.
67DiSegni E, Pierpont MEM, Bass JL, and Kaplinsky E, 1985. Two-dimensional
echocardiography in detection of endocardial cushion defect in families. Am. J. Cardiol.
56:1649-52.
68Baron P, Gutgesell H, Hawkins E, and McNamara D, 1982. Infradiaphragmatic total
anomalous pulmonary venous connection in siblings. Am. Heart J. 104:1107-9.
^Raisher BD, Dowton SB and Grant JW, 1991. Father and two children with total amonalous
pulmonary venous connection. Am. J. Med. Genet. 40:105-6.
70Czeizel A, and Meszaros M, 1981. Two family studies of children with ventricular septal
defect. Eur J Pediatr. 136:81-5.
71C ascos AS, 1971. Genetics of Fallot's tetralogy. Br. Heart J. 33:899-904.
72Cassidy SC, and Allen HD, 1991. Tetralogy of Fallot in triplet siblings. Am. J. Cardiol.
67:1442-4.
73Wulfsberg EA, Zintz EJ, and Moore JW, 1991. The inheritance of conotruncal malformations:
A review and report of two siblings with tetralogy of Fallot with pulmonary atresia. Clin.
Genet. 40:12-16.
74Rein AJJT, Dollberg S, and Gale, R, 1990. Genetics of conotruncal malformations: Review of
the literature and reports of a consanguineous kindred with various conotruncal
malformations. Am. J. Med. Genet. 36:353-5.
75Burman, D, 1961. Familial patent ductus arteriosus. Br. Heart J. 23:603.
76Martin RP, Banner NR, and Radley-Smith R, 1986. Familial persistent ductus arteriosus.
ARch. Dis. Child. 61:906-7.
77 Shapiro SR, Ruckman RN, Kapur S, Chandra R, Galioto FM, Perry LW, and Scott LP, 1981.
Single ventricle with truncus arteriosus in siblings. Am. Heart J. 102:456-9.
78Brunson SC, Nudel DB, Grootman N, and Aftalion B, 1978. Truncus arteriosus in a family.
Am. Heart J. 96:419-20.
^Kojima H, Ohgimi Y, Mizzutani K, and Nishimura, 1969. Hypoplastic left heart syndrome in
siblings. Lancet 2:701.
^Rao SS, Gootman N, and Platt N, 1969. Familial aortic atresia. Am. J. Dis. Child. 118:91922.

150
sufficiently rare that the genetics are still obscure. Intriguing as these reports
may be, in almost every type of malformation, sporadic cases greatly outnumber
familial cases. These sporadic cases may be due to multifactorial, polygenic, or
environmental/teratogenic causes, to somatic mutations, or to dominant
genetically lethal germ-line mutations. The literature presupposes a
multifactorial etiology for most of these heart malformations, but the
contribution of somatic mutations is undetermined at present, and may be
potentially very significant.

2. The Role of the Neural Crest in the Developing Heart

The migratory neural crest gives rise to a number of tissues, including
calcitonin-producing C cells,81 polypeptide hormone-producing cells of the
amine precursor uptake and decarboxylation (APUD) type,82 enteric ganglion
cells,83 the acoustic ganglion,84 and others. A substantial body of work by
Kirby and her associates has also established an important contribution of
neural crest derivatives to the developing heart. In line with its involvement in
the development of the autonomic nervous system elsewhere, the neural crest
appears to give rise to both sympathetic and parasympathetic ganglia
innervating the heart. Early ultrastructural observations indicated that

81 Pearse AG, and Polak JM, 1971. Cytochemical evidence for the neural crest origin of
mammalian ultimobranchial C cells. Histochemie 27(2): 96-102.
82Pearse AG, 1969. The cytochemistry and ultrastructure of polypeptide hormone-producing
cells of the APUD series and the embryologic, physiologic and pathologic implications of
the concept. J-Histochem-Cytochem. 17(5): 303-13.
^Andrew A, 1969. The origin of intramural ganglia. II. The trunk neural crest as a source of
enteric ganglion cells. J-Anat. 105(1): 89-101.
^Deol MS, 1967. The neural crest and the acoustic ganglion. J-Embryol-Exp-Morphol. 17(3):
533 41.
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neuroblasts of the chick neural crest could be observed migrating with
emerging (parasympathetic) cardiac branches of the vagus nerve by 3.5 to
5 days (stages 21-26) of incubation.85 These reached the aortic arch and
truncus arteriosus by day 4.5, and subsequently differentiated into large ovoid
to pyriform ganglion cells, with axodendritic synapses visible by stage 34.
Grafting of neural crest from quail to chick embryos showed that the origin of
these cells lay in somites 1 and 2, the cranial region of the vagal neural
crest.86 In contrast, sympathetic innervation of the heart could be blocked by
ablation of trunk neural crest in the region of somites 10 through 20. This was
noted to have indirect effects upon the myocardium itself, resulting in
alterations of glycogen metabolism, although not of glycolysis or beta-oxidation
of fatty acids.87
More pertinently to the present study, neural crest derivatives appear to
play a crucial role in development of cardiac structures per se, most
prominently in formation of the conotruncal septum. Using a quail-chick
chimera model, Kirby et al. showed that neural crest cells from occipital
somites 1 through 3 migrated to the region of the aorticopulmonary septum,
and that ablation of these cells resulted in septal malformations, either in the
form of a common arterial outflow channel or in transposition of the great
vessels.88 These cells corresponded to neural crest elements from pharyngeal
arches 3 through 6, with cells from the fourth arch contributing the most to
85Kirby ML, Weidman TA, and McKenzie JW, 1980. An ultrastructural study of the cardia
ganglia in the bulbar plexus of the developing chick heart. Dev-Neurosci. 3(4-6): 174-84.
86Kirby ML, and Stewart DE, 1983. Neural crest origin of cardiac ganglion cells in the chick
embryo: identification and extirpation. Dev-Biol. 97(2): 433-43.
87Faith DS, Kirby ML, and Sickles DW, 1987. Carbohydrate, lipid and oxidative metabolism in
the sympathetically aneural chick heart. J-Mol-Cell-Cardiol.l9(4): 349-55.
88Kirby ML, Gale TF, and Stewart DE, 1983. Neural crest cells contribute to normal
aorticopulmonary septation. Science 220(4601): 1059-61.
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the aorticopulmonary and conotruncal septa.89 Interestingly, cells from the
right and left neural crest appear to migrate in different patterns, with cells of
a right-sided origin migrating to both the dorsal and ventral swellings of the
incipient septum of the proximal truncus arteriosus, as well as to the aorta and
right arch arteries, but not to the distal pulmonary trunk or left arch arteries,
which were the exclusive domain of the cells derived from the left side.90
Ablation of premigratory neural crest cells from the cranial region of the
neural fold resulted in various defects of conotruncal septation, including a
high ventricular septal defect, a single outflow vessel overriding the
ventricular septum, and a single outflow vessel originating from the right
ventricle.91 While ablation of neural crest over the whole region of somites 1
through 3 resulted primarily in persistent truncus arteriosus, selective ablation
of unilateral single-somite domains resulted in a variety of malformations,
principally either ventricular septal defect or double outlet right ventricle.92
The pattern of malformations was consistent for the site of ablation, hut was not
altered by the stage at which ablation was performed.
Observations of quail-chick chimeras also indicate that neural crest cells
can be found in cusps of both the aortic and pulmonary semilunar valves.93
Gorza et al. found that in the 11-day rabbit embryo, muscle fibers of the atrial
89Phillips MT, Kirby ML, and Forbes G, 1987. Analysis of cranial neural crest distribution in
the developing heart using quail-chick chimeras. Circ. Res. 60(1): 27-30.
^Sumida H, Akimoto N, and Nakamura H, 1989. Distribution of the neural crest cells in the
heart of birds: a three dimensional analysis. Anat. Embryol. Berl. 180(1): 29-35.
91 Kirby ML, Turnage KL, and Hays BM, 1985. Characterization of conotruncal malformations
following ablation of "cardiac" neural crest. Anat. Rec. 213(1): 87-93.
^Besson WT, Kirby ML, Van Mierop LH, and Teabeaut JR, 1986. Effects of the size of lesions
of the cardiac neural crest at various embryonic ages on incidence and type of cardiac
defects. Circulation 73(2): 360-4.
^Takamura K, Okishima T, Ohdo S, and Hayakawa K, 1990. Association of cephalic neural
crest cells with cardiovascular development, particularly that of the semilunar valves. Anat.
Embryol. Berl. 182(3): 263-72.
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myocardium, in close proximity to the neural crest-derived fourth branchial
arch, were positively immunostained with HNK-1, a neural crest surface
marker; furthermore, muscle fibers of the adult and fetal rabbit conducting
system expressed a protein antigenically and electrophoretically similar to the
neurofilament protein NF-M.94 These results suggest that at least the atrial
portion of the conduction system of the heart (the sinoatrial node) may also be
derived from neural crest.

a. Clinical syndromes associated with neural crest defects. Defects of
proliferation and/or migration of neural crest elements have been associated
with a number of syndromes involving cardiac malformations, usually
conotruncal in type. Among these, DiGeorge syndrome typically involves
defects of the thymus, parathyroid glands and craniofacial anomalies; common
heart defects include interrupted aortic arch, truncus arteriosus, and tetralogy
of Fallot, but rarely hemitruncus or defects of aorticopulmonary septation.95*96
The CHARGE association involves far-flung defects, including choanal atresia,
coloboma, mental retardation, genital hypoplasia, and ear abnormalities, along
with conotruncal cardiac defects.97 Velo-cardio-facial syndrome (Shprintzen
syndrome) involves cleft palate, abnormal facies, mild intellectual impairment,
retinal vascular tortuosity, cataracts, and small optic nerves; typical cardiac
manifestations include ventricular septal defects, right aortic arch, tetralogy of
^Gorza L, Schiaffino S, and Vitadello M, 1988. Heart conduction system: a neural crest
derivative? Brain Res. 457(2): 360-6.
® Kirby ML, and Bockman DE, 1984. Neural crest and normal development: a new perspective.
Anat-Rec. 209(1): 1-6.
96 Van Mierop LH, and Kutsche LM, 1986. Cardiovascular anomalies in DiGeorge syndrome and
importance of neural crest as a possible pathogenetic factor- Am-J-Cardiol. 58(1): 133-7.
^Siebert JR, Graham JM Jr, and MacDonald C, 1985. Pathologic features of the CHARGE
association: support for involvement of the neural crest. Teratology 31(3): 331-6.
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Fallot, and aberrant left subclavian artery.98’99 Conotruncal malformations
have also been associated with hemifacial microsomia,100 intrauterine exposure
to thalidomide101 or ethanol,102 and congenital neuroblastoma.103 Patch, a
murine gene mutation that results in abnormahties of neural crest migration,
has been associated with conotruncal heart malformations.104 The frequent
observation of conotruncal cardiac anomahes in asplenia syndrome has led at
least one major investigator to propose an involvement of neural crest elements
in that syndrome as well.105
Retinoic acid embryopathy has also been associated with a number of
malformations, including microtia/anotia, micrognathia, cleft palate, thymic
defects, defects of the retinal or optic nerve, brain malformations, and
conotruncal heart defects or aortic arch abnormalities, which have been
proposed to be due to neural crest defects.106 Curiously, similar heart
malformations have been noted in cases of retinoid deficiency.101 Smith-Thomas
et al. noted that, in cells cultured from cranial and trunk neural crest
98 Young D, Shprintzen RJ, and Goldberg RB, 1980. Cardiac malformations in the velo-cardiofacial syndrome. Am. J. Cardiol. 46:643.
"Mansour AM, Goldberg RB, Wang FM, and Shprintzen RJ, 1987. Ocular findings in the velocardio-facial syndrome. J-Pediatr-Ophthalmol-Strabismus 24(5): 263-6.
100Thomas IT, and Frias JL, 1987. The heart in selected congenital malformations. A lesson in
pathogenetic relationships. Ann-Clin-Lab-Sci. 17(4): 207-10.
101Thomas IT, and Frias JL, 1987. The heart in selected congenital malformations. A lesson in
pathogenetic relationships. Ann-Clin-Lab-Sci. 17(4): 207-10.
102Daft PA, Johnston MC, and Sulik KK, 1986. Abnormal heart and great vessel development
following acute ethanol exposure in mice. Teratology. 33(1): 93-104.
103Bellah R, D'Andrea A, DariUis E, and Fellows KE, 1989. The association of congenital
neuroblastoma and congenital heart disease. Is there a common embryologic basis? PediatrRadiol. 19(2): 119-21.
104Anderson PA, 1994. Cardiovascular molecular genetics. Curr-Opin-Cardiol. 9(1): 7 8-90.
105Kirby ML, and Bockman DE, 1984. Neural crest and normal development: a new perspective.
Anat-Rec. 209(1): 1-6.
106Lammer EJ, Chen DT, Hoar RM, Agnish ND, Benke PJ, Braun JT, Curry CJ, Fernhoff PM,
Grix AW Jr, Lott IT, et al., 1985. Retinoic acid embryopathy. N-Engl-J-Med. 313(14): 83741.
107Wilson JG, and Warkany J, 1950. Cardiac and aortic arch anomalies in the offspring of
vitamin A deficient rats correlated with similar human anomalies. Pediatrics 5:708-7 25.
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explants, treatment with isotretinoin (13-cis-retinoic acid) resulted in an altered
cellular phenotype, with treated cells appearing rounded or spindle-shaped,
and spontaneously separating from their neighbors or from the substrate.108
These effects were attributed to decreased cell-substrate adhesion; however,
as noted in our experiments with L929 cells, increased cell-cell adhesion was
achieved by expression of connexin43 alone, presumably due to physical forces
inherent in the formation of gap junctions themselves (it is unknown whether
alterations in cell-substrate adhesion were present as well).
Similarly, exposure to 10"^ to 10"^ M isotretinoin has been shown to
reversibly inhibit the development of a heartbeat in cultured precardiac
mesodermal-endodermal explanted cells; this effect was potentiated in the
presence of serum, and could be duplicated by exposure to all trans-reXinoic
acid.109 In addition, cardiac cell proliferation in whole embryos was reduced to
62% of control levels in the presence of 10'^ M isotretinoin. As noted earlier,
connexin43 was the first mammalian target gene identified for carotenoid
induction.110 It is therefore possible that at least some of the effects of retinoid
excess and deficiency in vivo and in cultured neural crest cells are due to
altered expression of connexin43.

108Smith-Thomas, L, Lott I, and Bronner-Fraser M, 1987. Effects of isotretinoin on the behavior
of neural crest cells in vitro. Dev-Biol. 123(1): 27 6-81.
109 Wiens DJ, Mann TK, Fedderson DE, Rathmell WK, and Franck BH, 1992. Early heart
development in the chick embryo: effects of isotretinoin on cell proliferation, alpha-actin
synthesis, and development of contractions. Differentiation 51(2): 105-12.
110Zhang LX, Cooney RV, and Bertram JS 1992. Carotenoids up-regulate connexin43 gene
expression independent of their provitamin A or antioxidant properties. Cancer Res.
52(20):5707-12.
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b. Cap junctions in the neural crest. As noted earlier, Lo et al.
observed high levels of expression of connexin43 in neural crest and its
derivatives in 9-10 day old mouse embryos. Andrade-Rozental et ah identified
two morphologically distinct populations in cultured cells from the bases of
hearts from 3- to 4-week old mice.111 One of these consisted of spindle-shaped
cells, which were non-contractile and showed no membrane excitability. These
cells were positively immunostained with antibodies to GFAP and vimentin,
and were tentatively identified as being immature Schwann-type cells of neural
crest origin. 30% of these cells showed dye transfer to each other, but not to
the other cell population, which consisted of spontaneously beating fiber-like
cells (presumably cardiomyocytes). Dye transfer could be blocked by
halothane, an uncoupler of gap junctions. Macroscopic junctional conductance
showed increased voltage-sensitivity compared to cardiomyocytes, with a
predominant unitary conductance of 60 picosiemens, which, as noted above,
has been reported by the same laboratory for preparations of cormexin43 in rat
heart or transfected SKHepl cells. These results are consistent with a
hypothesis that presumptive neural crest-derived cells in mouse heart express
moderate amounts of functional gap junction protein, quite possibly
connexin43. Mutations in connexin43 could potentially give rise to a
neurocrestopathy of a specific type, including both double-outlet right
ventricle and malformations of the pulmonic valve among the possible cardiac
manifestations. Support for this hypothesis is provided by the occurrence of

111 Andrade-Rozental AF, Rozental R, Hassankhani A, Spray DC, and Federoff HJ, 1995.
Characterization of two populations of ectopic cells isolated from the hearts of NGF
transgenic mice. Dev-Biol. 169(2): 533-46.
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pulmonic atresia in homozygotic connexin43 knockout mice. 112 In these mice,
the pulmonary artery was reduced to a vestigial solid cord, and the pulmonic
valve was replaced by a trabeculated mass of tissue. In addition, conotruncal
malformations (double-outlet right ventricle plus either pulmonic atresia or
severe pulmonic stenosis) are a constant feature in the patients reported by
Britz-Cunningham et al. (1995).

3. Visceroatrial Heterotaxia

a. Terminology. As noted above, six of the seven patients identified
with connexin43 mutations in the present series had visceroatrial heterotaxia —
that is, an abnormal positioning of the viscera in relation to the atria of the
heart. Since the natural complexity of this subject has been confounded by
inconsistencies of nomenclature in the literature, any discussion needs to begin
with a clarification of terms, as they are used in this study.113 First, it should
be noted that, in reference to cardiac or visceral substructures, the terms right
and left refer to morphological type, and not anatomic position. Thus, a "right
atrium" is an atrium, located on either the right or left side of the midline,
which has an atrial appendage that is relatively short, wide, and straight
("pyramid-like"). Similarly, a "left atrium" is one which has an atrial appendage
that is long, narrow and curved ("finger-like"). Again, a morphologic right

112 Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC, Kidder
GM, and Rossant J, 1995. Cardiac malformations in neonatal mice lacking connexin43.
Science 267:1831-4.
113Perloff JK, 1994. The clinical recognition of congenital heart disease. WB Saunders
Company, Philadelphia.
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mainstem bronchus is short, wide, and straight, while a left mainstem bronchus
is long, thin, and curved. Levocardia is a condition in which the apex of the
heart points toward the left side of the body; conversely, in dextrocardia the
apex points toward the right. Situs solitus refers to a condition in which the
heart and viscera are in the normal position, i.e. levocardia with a left-sided
stomach and spleen, and right-sided liver, gallbladder and cecum. In situs
inversus, all of these organs are situated as a mirror-image of the normal
position. In situs ambiguus, the location of a given organ cannot be predicted
on the basis of location of the other viscera; in general, organs tend to take up
a midline or symmetrical position. Isomerism refers to the appearance of
mirror-image symmetry in organs or organ pairs which are normally
asymmetrical. In left bronchopulmonary isomerism, for example, both lungs are
comprised of two lobes, with morphologic left mainstem bronchi bilaterally. In
right bronchopulmonary isomerism, both lungs are comprised of three lobes,
with morphologic right mainstem bronchi. Asplenia, in the context of this
discussion, refers to primary splenic agenesis, not to loss of the spleen due to
infarction or other causes, nor to dysfunction of an anatomically present
spleen. Polysplenia, in particular, must be distinguished from the relatively
common finding of accessory spleens, which typically accompany a spleen of
otherwise normal size and position; in true polysplenia, all of the splenic
masses are smaller than normal, although in the aggregate they may equal the
mass of a single normal spleen.

b. Early Studies. Situs inversus totalis has long been familiar to the
literature, having been described as early as 1643 by the Italian anatomist
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Marco Aurelio Severino,114 and described in some detail by Matthew Baillie in
the late 18th century.115 Distinction of the condition of situs ambiguus, of
visceratrial heterotaxia, was not clearly made until 1826, when two cases were
published independently.116’117 Both of these cases involved septal defects,
transposition of the great arteries, and asplenia, combined with abdominal situs
abnormalities; Breschet's case also included pulmonic atresia. Individual cases
continued to enter the literature after that time, and were summarized by
Putschar and by Polhemus and Schafer. Several attempts were subsequently
made to classify the wide spectrum of heterotaxic malformations, or to explain
their origin on the basis of embryology.

c. Ivemark's Contribution. Most relevant to this discussion is the
landmark study of Ivemark, who observed that asplenia, conotruncal
malformations, and situs anomalies often coincided as a distinct syndrome. In
his classic paper, Ivemark carried out a meta-analysis of 69 cases of this
syndrome, including 14 new cases, 118 In this he noted symmetrizing tendencies
in the great arteries, systemic and pulmonary veins, abdominal viscera, and the
heart. The constancy of concurrence of these features led him to conclude that

114See Perloff JK, 1994. The clinical recognition of congenital heart disease. WB Saunders Co.,

Philadelphia, p 21.
115Baillie M, 1785-1790. Of a remarkable transposition of the viscera. Philos. Trans. R. Soc.
Lond. 16:483-9.
116Martin G, 1826. Observation d'une deviation organique de I'estomac, d'une anomalie dans la
situation, dans la configuration du coeur et des vaisseaux qui en pertent ou qui s'y rendent.
Bull, de la Societe Anat. de Paris, Ed. 2, Paris 1841, p. 39.
117Breschet G, 1826. Memoire sur 1'ectopie de I'appareil de la circulation et particulierement
sur celle du coeur. Repert Gen. d'Anat. et de Physiol. Path. 2:1.
118 Ivemark BI, 1955. Implications of agenesis of the spleen on the pathogenesis of cono-truncus
abnormalities in childhood: an analysis of the heart malformations in the splenic agenesis
syndrome, with fourteen new cases. Acta Paediatrica Uppsala 44(Suppl 104):1-110.
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all of them were due to a condition of developmental arrest, occurring
simultaneously in the heart and spleen.
Only 3 cases in Ivemark's series were 4 years of age or more (the oldest
was 8 years). Although Ivemark did describe similar cardiac defects in cases of
hypoplastic or multiple spleens, he excluded these from detailed analysis, as
his principal objective was to establish the time of occurrence of the
malformations, on the basis of a presumed developmental arrest at or before
the appearance of the splenic primordium. In this, he was applying the horizon
principle introduced by Streeter, in which development is conceptualized as a
passage through sequential stages, at each of which there is a characteristic
group of features, the presence of any one of which implies the presence of all
of the others.119 Essentially, this may be likened to the practice of dating strata
in paleontology, where contemporaneous fossils are presumed to be deposited
together. An important implication of this concept is that for each horizon, there
are also one or more characteristic syndromes, caused by a global effect (e.g.,
growth retardation) upon those features or organs which appear
contemporaneously. The first observable splenic primordium is a thickening of
mesenchyme in the dorsal mesogastrium, which can be observed by Horizon
XV, according to Streeter; however, more recent authors have dated this event
as early as Horizon XIII.120 Pulmonary branching asymmetry may already be
present at this time.121 Differentiation of the heart proceeds generally in a
119 Streeter GL, 1948. Developmental horizons in human embryos. Description of age groups
XV, XVI, XVII, and XVIII, being the third issue of a survey of the Carnegie Collection.
Carnegie Contrib. to Embryol. 32(211):134-204.
120Phoon CK, and Neill CA, 1995. Asplenia syndrome: insight into embryology through an
analysis of cardiac and extracardiac anomalies. Am. J. Cardiol. 15; 73(8): 581-7.
121Phoon CK, and Neill CA, 1995. Asplenia syndrome: insight into embryology through an
analysis of cardiac and extracardiac anomalies. Am. J. Cardiol. 15; 73(8): 581-7.
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rostral to caudal direction, from the conus toward the sinoatrial region. Thus,
according to Streeter, the septum which divides the truncus arteriosus first
appears in the distal truncus at Horizon XV, and completes the separation of
the aortic and pulmonary vessels by Horizon XVII. Partitioning of the
atrioventricular canal begins in Horizon XVI, when contact is made between
the dorsal and ventral endocardial cushions. However, the atrioventricular
valves are not well differentiated until Horizon XIX. The aortic and pulmonary
valves begin to form in Horizon XVII.
Since a spleen was present in the polysplenia cases, Ivemark surmised
that the associated cardiac defects would have occurred somewhat later than
in the asplenia cases. In view of the general sequence of cardiac maturation,
the teratologic succession, from most primitive to most advanced, should run
from persistent truncus arteriosus, to pulmonic atresia, to pulmonic stenosis, to
transposition of the great arteries. Polysplenia cases, then, would be more
likely to present with, say, pulmonic stenosis or arterial transposition than with
pulmonic atresia. This notion is, at least at first glance, consistent with the
observation that patients with polysplenia syndrome show improved survival
(apart from the factor of infectious disease), and have "less severe" cardiac
defects, compared to patients with asplenia syndrome. Ivemark himself
observed this tendency in the few polysplenia cases which he described.
However, it is not consistent with our own series, in which malformations of
similar severity and horizontality occur in both asplenic and polysplenic
patients.
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d. Morphological Features. As noted earlier, visceroatrial heterotaxia
represents a wide spectrum of conditions, ranging from subclinical
abnormalities in abdominal situs to simple isolated heart defects to very
complex malformation sequences which are incompatible with life. The six
patients described in this study fit the more severe type of asplenia and
polysplenia syndromes. In asplenia syndrome (also known as the right isomerism
sequence), characteristic cardiovascular malformations include right atrial
isomerism (so described in most of the literature, although van Praagh and van
Praagh regard the concept as anatomically imprecise)122, bilateral sinoatrial
nodes,123 common atrium, absent coronary sinus, common atrioventricular
valve, pulmonic stenosis or atresia, univentricular heart, bilateral superior
venae cavae, total anomalous pulmonary venous return (there is ostensibly no
morphological left atrium for these veins to drain into), and complete
transposition of the great arteries. Dextrocardia is only somewhat more common
than levocardia. Pulmonary manifestations typically involve right
bronchopulmonary isomerism (bilateral trilobed lungs and short eparterial
bronchi). Subdiaphragmatic malformations include asplenia (by definition);
transverse liver; a vertical, rather than diagonal, attachment of the mesentery;
and, in the male, testes which hang at the same height (normally the left testis
hangs lower). All of these manifestations may be present to a varying extent.
In polysplenia syndrome (also known as left isomerism sequence), typical
cardiac malformations differ considerably from those usually seen in asplenia.

122Van Praagh R, and Van Praagh S, 1990. Atrial isomerism in the heterotaxy syndromes with
asplenia, or polysplenia, or normally formed spleen: an erroneous concept. Am. J. Cardiol.
66(20): 1504-6.
123Bharati S, and Lev M, 1978. The course of the conduction system in dextrocardia.
Circulation 57:163-71.
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They include left atrial isomerism; bilateral superior venae cavae (i.e.,
persistent left anterior cardinal vein); interrupted inferior vena cava with
azygos continuation (there is ostensibly no right atrium for it to drain into);
partial, rather than total, anomalous pulmonary venous return; common atrium
or ostium primum type atrial septal defect; perimembranous ventricular septal
defect; and morphologic left ventricular outflow obstruction.124 In contrast to
asplenia, the great arteries are usually normal (although occasionally there is
complete transposition of the great arteries or double outlet right ventricle);
atrioventricular valves are normal or common; and the pulmonic valve is
usually normal (it is occasionally stenotic, but rarely atretic). Some polysplenia
patients have no cardiac anomalies, even when other malformations, such as
left bronchopulmonary isomerism, are present.125 Levocardia is slightly more
common than dextrocardia.
An estimated 55% of polysplenia patients have left bronchopulmonary
isomerism, while 56% have abdominal manifestations, including multiple
malformed spleens (by definition), transverse liver, and malrotation of the
gut.126 Polysplenia syndrome occurs in 10% of patients with primary biliary
atresia, although cardiac malformations are usually absent in this
population. 127

124Peoples WM, Moller JH, and Edwards JE, 1983. Polysplenia: a review of 146 cases. Pediatr.
Cardiol. 4(2): 129-37.
125Deanfield JE, Leanage R, Stroobant J, Chrispin AR, Taylor JEN, and Macartney FJ, 1980.
Use of high kilovoltage filtered beam radiographs for detection of bronchial situs in infants
and young children. Br. Heart J. 44:577-583.
126Peoples WM, Moller JH, and Edwards JE, 1983. Polysplenia: a review of 146 cases. Pediatr.
Cardiol. 4(2): 129-37.
12^Abramson SJ, Berdon WE, Altman RP, Amodio JB, and Levy J, 1987. Biliary atresia and
noncardiac polysplenic syndrome: US and surgical considerations. Radiology 163:377-9.
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e. Electrocardiographic Features. In right isomerism, which is typically
associated with asplenia syndrome, the electrocardiogram is usually more or
less normal. The presence of two sinoatrial nodes implies the presence of two
potential rhythmic pacemaker sites. However, the right sinus node is dominant
in 63% of cases, and P waves are normal in shape and axis. In the minority of
cases in which the left sinus node is dominant, the P wave axis is directed
inferiorly and to the right. Atrioventricular conduction block is rare; 128
however, Rossi et aL report a case of a patient with asplenia syndrome, in
whom neither of the dual atrioventricular nodes was in contact with the atrial
myocardium, resulting in complete suprahisian block (atrioventricular block
with a narrow QRS complex. 129
Electrocardiographic abnormahties are the rule in left isomerism, in
which the sinoatrial node is absent by definition. Initiation of the heartbeat
consequently depends upon a secondary pacemaker, which can be variable in
location, and may, indeed, shift location within a given patient. The pacemaker
may be located in the lateral atrial wall, near the outlet of the coronary sinus,
or in the upper atrial walls (on either right or left side). Multiple P wave axes
are typically seen, and these are usually directed superiorly and to the left.
Complete congenital atrioventricular block is seen in 20% of cases of
polysplenia syndrome,130 and can be detected in the fetus.131 Roguin et aL
128Rossi L, Montella S, Frescura C, and Thiene G, 1984. Congenital atrioventricular block in
right atrial isomerism (asplenia). A case due to atrionodal discontinuity. Chest 85:578-80.
129Rossi L, Montella S, Frescura C, and Thiene G, 1984. Congenital atrioventricular block in
right atrial isomerism (asplenia). A case due to atrionodal discontinuity. Chest 85:57 8-80.
130Roguin N, Felled B, Freundlich E, Yahalom M, and Riss E, 1984. Atrioventricular block in
situs ambiguus and left isomerism (polysplenia syndrome). Pacing Clin. Electrophysiol. 7(1):
18-22.
131Ho ST, Fagg N, Anderson RH, Cook A, and Allan L, 1992. Disposition of the atrioventricular
condluction tissues in the heart with isomerism of the atrial appendages: its relation to
congnital complete heart block. J. Am. Coll. Cardiol. 20:904-10.

165
describe three patients with polysplenia syndrome and cardiac arrhythmias. 132
One had a complex bradyarrhythmia with a Wenckebach-type conduction
block. Two others had congenital atrioventricular block with a narrow QRS
complex (suprahisian block) and a P wave axis directed aberrantly upward and
to the right. The concurrence of these findings was sufficiently unusual that
the authors suggested that such a pattern in itself is diagnostic of left
isomerism, whenever found.
Abnormal conduction pathways have also been noted occasionally in
both asplenia and polysplenia syndromes. As an example, Ih et al. examined
three cases of asplenia syndrome and one case of polysplenia syndrome.133 Two
of the asplenia cases showed double atrioventricular conduction pathways, the
anterior of which was hypoplastic; the third case had a single pathway located
anteriorly. The polysplenia case had a posteriorly located conducting system,
with a congenital interruption of the bundle of His.

f. Role of the Spleen. The spleen is the only organ that is left-sided from
its inception, and its absence fits nicely with the concept of visceral right
isomerism, in which the left-sided structures are "missing". At first glance,
polysplenia, too, may seem consistent with left isomerism, where there is a
redundancy of left-sided structures. This way of looking at things is certainly
too simplistic. In polysplenia, all of the splenic tissue is located in the

132Roguin N, Felled B, Freundlich E, Yahalom M, and Riss E, 1984. Atrioventricular block in
situs ambiguus and left isomerism (polysplenia syndrome). Pacing Clin. Electrophysiol. 7(1):
18-22.
133Ih S, Fukuda K, Okada R, and Saitoh S, 1983. The location and course of the
atrioventricular conduction system in common atrioventricular orifice and in its related
anomalies with transposition of the great arteries—A histopathological study of six. cases.
Jpn.Circ.J. 47(11): 1262-73.
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mesogastrium, which is originally a midline structure, and only becomes left
sided after rotation of the stomach. Furthermore, one never finds a pair of
bilateral spleens of normal size; the morphology is more suggestive of a defect
in lienogenesis, which results in fragmentation and scattering of the splenic
primordium, instead of its coalescence into a single organ. Again, in
approximately 15% of cases, asplenia is associated with left, rather than right,
isomerism. Monie suggests that the cause of asplenia may be decreased
vascular perfusion due to the pressure of adjacent viscera;.134 however, it is
unclear how polysplenia might originate by a complementary mechanism.
Evidence from phylogeny does support that idea that cardiac laterality and
spleen formation are somehow connected. In fish, for example, the heart is
essentially a symmetrical two-chambered organ — a configuration which is
approached by many asplenia and polysplenia patients, including patient A16
in our series. In fish, the spleen, as a separate organ, is absent.135 A discrete
spleen is first noted in amphibians, in which the heart first assumes a threechambered arrangement, representing the beginnings of cardiac laterality.
Despite these intriguing clues, at this point, the causes of asplenia and
polysplenia, and their ontogenetic relation to visceral and cardiac isomerism,
must still be considered problematical.
Clinically, the presence of splenic abnormalities is readily detectable by
means of radionuclide scans with 9 9mTc labelled sulfur colloid or damaged red
blood cells, CT and ultrasound. In addition, diagnosis of asplenia syndrome is

134Monie IWT 1982. The asplenia syndr ome: an explanation for absence of the spleen.
Teratology. 25(2): 215-9.
135Ivemark BI, 1955. Implications of agenesis of the spleen on the pathogenesis of cono-truncus
abnormalities in childhood: an analysis of the heart malformations in the splenic agenesis
syndrome, with fourteen new cases. Acta Paediatrica Uppsala 44(Suppl 104):1-110.
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facilitated by the presence of Ho well-Jolly bodies and pitted red cells — both
of which indicate impaired function of the reticuloendothelial system. The
differential diagnosis must distinguish polysplenia syndrome from isolated
primary splenic agenesis, a very rare malformation, and from the much more
common condition of functional asplenia secondary to acquired disease.

g. Comparison to Patients Reported in This Study. Despite the
complexity of malformations in the six visceroatrial heterotaxia patients reported
in this study, an underlying anatomic similarity is present among them. Seven
features were each shared by at least five of the six patients: (1) atrial or
bronchopulmonary isomerism, (2) splenic abnormalities, (3) disturbed
abdominal situs, (4) conotruncal derangements focused on the right ventricle
(i.e., either pulmonary stenosis with double-outlet right ventricle, or
transposition of the great arteries with pulmonary atresia and origin of the aorta
and pulmonary artery remnants from the right ventricle), (5) functional single
ventricle, (6) large or multiple atrial septal defects, and (7) atrioventricular
conduction block or slowed atrioventricular conduction.
Double-outlet right ventricle, or its equivalent, has been noted even
where the right ventricle was severely hypoplastic (patient A16), and in the
case of dextrocardia (patient A13). The constancy of pulmonary atresia or
stenosis is interesting, in view of the findings of a similar anomaly in connexin43
knockout mice.136 It seems likely, therefore, that the connexin43 mutations
reported here define a distinctive subtype of visceroatrial heterotaxia, in terms

136Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC, Kidder
GM, and Rossant J, 1995. Cardiac malformations in neonatal mice lacking connexin43.
Science 267:1831-4.
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of etiology, clinical signs, therapeutic indications, and prognosis. The
concurrence of the group of patients in this subtype is surprising, in view of
the wide variability of visceroatrial heterotaxia itself. Moreover, both asplenic
and polysplenic patients in the present series share features such as pulmonic
stenosis and pulmonic atresia, which are found in a minority of cases of
polysplenia syndrome; conduction delay or atrioventricular conduction block,
which are uncommon in asplenia syndrome; and double-outlet right ventricle,
which is at best an occasional finding in either asplenia or polysplenia
syndromes. Since all six of the patients either received orthotopic cardiac
transplantation, or were candidates for transplantation, it is possible that their
referral for such last-resort treatment (at present, most heterotaxic patients are
treated by palliative procedures rather than by transplantation) may have
effectively selected the group to represent the most severe end of the
heterotaxia spectrum. In some way not yet apparent, this same selection factor
may have contributed to the unusual degree of anatomical uniformity observed
within the group.

h. Epidemiology. Visceroatrial heterotaxia represents a spectrum of
conditions, some asymptomatic and some incompatible with life. Isolated
lateralization defects are far from rare, with an estimated incidence of one in
every 200 human births.137 The more severe asplenia and polysplenia
syndromes have an estimated incidence of 1 in 10,000-20,000 live births,138 or
137Brueckner M, McGrath J, D'Eustachio P, and Horwich AL, 1991. Establishment of left-right
asymmetry in vertebrates: genetically distinct steps are involved. In: Biological Asymmetry
and Handedness, John Wiley and Sons, pp 202-218.
138Higurashi M, Sugimoto Y, Ishikawa N, Hoshina H, Watanabe N, and Yoneyama K, 1980.
The birth prevalence of malformation syndromes in Tokyo infants: a survey of 14,430
newborn infants. Am. J. Med. Genet. 6(3): 189-94.
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about 1% of all congenital heart defects. Majeski and Upshur found an
incidence of asplenia syndrome approaching one in 2000 pediatric autopsies. 139
Asplenia syndrome is generally considered to show a significant male
preponderance,140 although in a small series of 16 cases, Majeski and Upshur
observed a 2:1 female-to-male ratio.141 A slight female preponderance has
consistently been reported for polysplenia syndrome. The familial recurrence
risk following a single occurrence of isomerism sequence is 10%, suggesting a
significant genetic component.142 Burn, however, reports an excess of
visceroatrial heterotaxia births in the second quarter of the year, along with a
deficit in the first quarter; such findings are consistent with the involvement of
environmental factors as well.143
The prognosis in asplenia syndrome is very poor, with a 7 9% mortality
within the first year of life, chiefly due to cardiac failure and overwhelming
sepsis caused by Gram-positive organisms, 144 Majeski and Upshur report an
average life span of 38 days for live-born subjects, 145 The prognosis in
polysplenia syndrome is a little better, due to generally milder cardiac defects.

139Majeski JA, and Upshur JK, 1978. Asplenia syndrome. A study of congenital anomalies in 16
cases. J. Am. Med. Assoc. 240(14): 1508-10.
140Rose V, Izukawa T, and Moes CA, 1975. Syndromes of asplenia and polysplenia. A review of
cardiac and non-cardiac malformations in 60 cases withspecial reference to diagnosis and
prognosis. Br. Heart. J. 37(8): 840-52.
141Majeski JA, and Upshur JK, 197 8. Asplenia syndrome. A study of congenital anomalies in 16
cases. J. Am. Med. Assoc. 240(14): 1508-10.
142Allan LD, Crawford DC, Chita SK, Anderson RH, and Tynan M, 1986. Familial recurrence of
congenitcal heart disease in the prospective series of mothers referred for fetal
echocardiography. Am. J. Cardiol. 58:334-337.
143Burn J, 1991. Disturbance of morphological laterality in humans. In: Biological Asymmetry
and Handedness, John Wiley and Sons, pp 282-299.
144R ose V, Izukawa T, and Moes CA, 1975. Syndromes of asplenia and polysplenia- A review of
cardiac and non-cardiac malformations in 60 cases withspecial reference to diagnosis and
prognosis. Br. Heart. J. 37(8): 840-52.
145Majeski JA, and Upshur JK, 1978. Asplenia syndrome. A study of congenital anomalies in 16
cases. J. Am. Med. Assoc. 240(14): 1508-10.

170
Nonetheless, in their review of 146 cases of polysplenia syndrome. Peoples et
aL found that mortality was 50% at four months, 75% at five years of age, and
90% by adolescence.146’ 147
Within the present series of patients, no gender predominance was noted
(3 males and 3 females were included). The ages of the patients ranged from
three weeks to eight years, with a mean of three years. Despite orthotopic
cardiac transplantation and other palliative surgical interventions, mortahty
within this group was 100% within two years of presentation. Causes of death
included sepsis (2 cases), lymphoma (1 case), transplant rejection (2 cases),
and pre-transplant cardiac failure (1 case).

i. Genetics. Although a great preponderance of heterotaxia cases are
sporadic, there are a few reports in the literature of affected siblings, a pattern
which suggests autosomal recessive inheritance, or possibly X-linked recessive
inheritance in those cases where both siblings are male. Distefano et al. report
a boy with isolated dextrocardia and a sister with a more complex anomaly
resembling asplenia syndrome (dextrocardia, right pulmonary isomerism, and
abdominal situs inversus, but with a single right-sided spleen), 148 The parents
were consanguineous, and both children died in infancy. De la Monte and
Hutchins report a case of two sisters with polysplenia syndrome, a third sibling

146Peoples WM, Moller JH, and Edwards JE, 1983. Polysplenia: a review of 146 cases. Pediatr.
Cardiol. 4(2): 129-37.
147Rose V, Izukawa T, and Moes CA, 1975. Syndromes of asplenia and polysplenia. A review of
cardiac and non-cardiac malformations in 60 cases withspecial reference to diagnosis and
prognosis. Br. Heart. J. 37(8): 840-52.
148Distefano G, Romeo MG, Grasso S, Mazzone D, Sciacca P, and Mollica F, 1987. Dextrocardia
with and without situs viscerum inversus in two sibs. Am. J. Med. Genet. 27(4): 929-34.
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spontaneously aborted, and two normal siblings born to normal parents. 149
Arnold el al. describe an Amish family with consanguineous parents and
paternal grandparents and four children with polysplenia syndrome; in
addition, the father's deceased sister was apparently also affected.150 Katcher
describes a family with two dead infants, one with asplenia syndrome, and the
other with complex cardiac malformations.151 Zlotogora and Elian report two
siblings, one with asplenia syndrome, and the other with polysplenia syndrome
and biliary atresia. 152 The latter report suggests that asplenia and polysplenia
syndrome do not necessarily "breed true", and that there is an underlying
randomizing defect which can express itself as right or left isomerism. In both
cases, however, situs is ambiguous.
Other patterns of inheritance have also been reported. Niikawa et al.
report a family with a father presenting with situs inversus totalis, and two
infant males, one with asplenia syndrome and the other with polysplenia
syndrome.153 Alonso et al. report the recurrence of heterotaxia or similar
isolated heart malformations in several generations within five families.154 Such
cases are suggestive of an autosomal dominant pattern of inheritance, which

149De la Monte SM, and Hutchins GM, 1985. Sisters with polysplenia. Am. J. Med. Genet. 21(1):
171-6.
150Arnold GL, Bixler D, and Girod D, 1983. Probable autosomal recessive inheritance of
polysplenia, situs inversus and cardiac defects in an Amish family. Am. J. Med. Genet.
16(1): 35-42.
151Katcher AL, 1980. Familial asplenia, other malformations, and sudden death. Pediatrics.
65(3): 633-5.
152Zlotogora J, and Elian E, 1981. Asplenia and polysplenia syndromes with abnormalities of
lateralisation in a sibship. J. Med. Genet. 18(4): 301-2.
153Niikawa N, Kohsaka S, Mizumoto M, Hamada I, and Kajii T, 1 983. Familial clustering of
situs inversus totalis, and asplenia and polysplenia syndromes. Am. J. Med. Genet.
16(1): 43-7.
154Alonso S, Pierpont ME, Radtke W, Martinez J, Chen SC, Grant JW, Dahnert I, Taviaux S,
Romey MG, Demaille J, et al., 1995. Heterotaxia syndrome and autosomal dominant
inheritance. Am. J. Med. Genet. 56(1): 12-15.
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typically affects multiple generations. An X-linked form of heterotaxia has
recently been mapped to the region Xq24-q27.1155, and other cases have been
associated with chromosomal deletions (involving chromosomes 10 and 13)156,
with partial trisomy of 2p23-p24,157 and with monozygotic twinning. 158
However, Wilkinson et ah report a case of monozygotic twins, one with
asplenia syndrome, and one normal.159 This suggests either a cause other than
Mendelian inheritance, or a penetrance of less than 100% in this particular
case. A report of asplenia syndrome in a fetus with a balanced translocation
t( 12;13)(ql3.1;pl3), but not in the mother carrying the same translocation,
offers intriguing evidence that a maternal effect may be significant in the
generation of laterality. 160
Several reported cases of heterotaxia-like heart disease, with or without
other disturbances of situs, have involved abnormalities of chromosome 6,
within the broad 6p21.1-q24.1 mapping region of connexin43. Breuning et al.
report a case of partial trisomy of 6p due to a t(6;20)(p21;pl3) translocation,
and suggest the existence of a syndrome involving craniofacial abnormalities.

155B Casey, M Devoto, KL Jones, and A Ballabio, Mapping a gene for familial situs abnormalities
to human chromosome Xq24-q27.1. Nature Genetics 5:403-405 (1993).
156R Carmi, JA Boughman, and KR Rosenbaum, Human situs determination is probably
controlled by several different genes. Am. J. Med. Genetics 44:246-247 (1992).
157Lurie IW, Ilyina HG, Gurevich DB, Rumyantseva NV, Naumchik IV, Castellan C,
Hoeller A, and Schinzel A, 1995. Trisomy 2p: analysis of unusual phenotypic findings. Am.
J. Med. Genet. 55(2): 229-36.
158Burn J, and Corney G, 1988. Types of twinning and determination of zygosity. In:
McGiUivray I, Campbell DM, and Thompson B (eds). Twinning and twins. Wiley, Chichester

pp 7-26.
159 Wilkinson JL, Holt PA, Dickinson DF, and Jivani SK, 1979. Asplenia syndrome in one of
mono-zygotic twins. Eur. J. Cardiol. 10(4): 301-4.
160wilson GN, Stout JP, Schneider NR, Zneimer SM, and Gilstrap LC, 1991. Balanced
translocation 12/13 and situs abnormalities: homology of early pattern formation in man and
lower organisms? Am. J. Med. Genet. 38(4): 601-7.
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heart malformations, and small kidneys.161 Stevens et al. describe two cases of
(6q-6qter) deletions, one associated with a t(6,7) translocation; these patients
also had microcephaly, craniofacial anomahes, and abnormalities of the hands
and feet.162
Several murine models of visceroatrial heterotaxia have also been
identified. The best-studied of these occurs in the iv (inversus viscerorum)
strain. From 30-50% of iv/iv homozygotes are normal (situs solitus without
heart malformations), while a similar number have situs inversus totahs without
heart malformations, and the remainder have heterotaxia-like heart
malformations, associated either with situs solitus or situs inversus.163’164 The
most frequent cardiac anomahes are common atrioventricular canal, common
atrium, persistence of the sinus venosus, tetralogy of Fallot, and transposition
of the great arteries; doublet-outlet right ventricle was noted in 12% of the
malformed hearts.165 Quite frequently, several malformations were combined. A
second mouse strain, cahed legless, was created serendipitously by a
transgenic insertion of Drosophila Hsp70 and a herpesvirus thymidine kinase
gene. These mice have severe limb malformations, craniofacial defects, and a

161Breuning MH, Bijlsman JB, and de France HF, 1977. Partial trisomy 6p due to familial
translocation t(6;20)(p21;pl3). A new syndrome? Hum. Genet. 38(1): 7-13.
162Stevens CA, Fineman RM, Breg WR, and Silken AB, 1988. Report of two cases of distal
deletion of the long arm of chromosome 6. Am. J. Med. Genet. 29(4): 807-14.
163De Meeus A, Alonso S, Demaille J, and Bouvagnet P, 1993. La souris SI/Col: un modele
d'etude dans la recherche des genes impliques dans le situs inversus. Arch. Mai. Coeur.
Vaiss. 86(5): 617-22.
164Layton WM, Layton MW, Binder M, Kurnit DM, Hanzlik AJ, Van Keuren M, and Biddle FG,
1993. Expression of the IV (reversed and/or heterotaxic) phenotype in SWV mice.
Teratology 47(6): 595-602.
165Icardo JM, and Sanchez de Vega MJ, 1991. Spectrum of heart malformations in mice with
situs solitus, situs inversus, and associated visceral heterotaxy. Circulation 84(6): 2547-58.
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50% incidence of situs inversus.166’167 Both iv and legless have recently been
identified with mutations in left/right dynein (Ird, also known as DLP11), a
gene homologous to the axonemal dynein-beta heavy chain (although it is
primarily expressed in non-ciliated cells).168 The iv mutation consists of a
Glu2249Lys substitution at a highly conserved site, while the phenotypically
more severe legless mutation is due to a very large 600-kb deletion involving
both coding and non-coding segments of the gene. The Ird gene locus has been
mapped to the telomeric region of murine chromosome 12, in a region syntenic
with human chromosome 14.169»170
Another murine strain, SWV, shows visceroatrial heterotaxia, although
primarily with situs solitus, both in homozygotes, and in compound
heterozygotes with iv.171 An interesting strain of Non-Obese Diabetic (NOD)
mice expresses the heterotaxic phenotype only when the dam is hyperglycemic
while pregnant in early gestation. 172 In Htters of nonhyperglycemic mothers, the
incidence of heterotaxia was only 0.75%. In litters subjected to hyperglycemia
in utero, however, 36.1% of fetuses had visceroatrial heterotaxia; within this

166McNeish JD, Scott WJ, Potter SS, 1988. Legless, a novel mutation found in PHT-1
transgenic mice. Science 241:837-839.
167McNeish JD, Thayer J, Walling K, Sulik KK, Potter SS, and Scott WJ, 1990. Phenotypic
characterization of the transgenic mouse insertional mutation. Legless. J. Exp. Zool.
253:151-162.
168Supp DM, Witte DP, Potter SS and Brueckner M, 1997. Mutation of an axonemal dynein
affects left-right asymmetry in inversus viscerum mice. Nature 389:963-6.
169 M Brueckner, P D'Eustachio, and AL Horwich, Linkage mapping of a mouse gene, IV, that
controls left-right asymmetry of the heart and viscera. Proc. Natl. Acad. Sci. USA 86:50355038(1989).
17<1De Meeus A, Alonso S, Demaille J, and Bouvagnet P, 1993. La souris SI/Col: un modele
d'etude dans la recherche des genes impliques dans le situs inversus. Arch. Mai. Coeur.
Vaiss. 86(5): 617-22.
171Layton WM, Layton MW, Binder M, Kurnit DM, Hanzlik AJ, Van Keuren M, and Biddle EG,
1993. Expression of the IV (reversed and/or heterotaxic) phenotype in SWV mice.
Teratology 47(6): 595-602.
172Morishima M, Ando M, and Takao A, 1991. Visceroatrial heterotaxy syndrome in the NOD
mouse with special reference to atrial situs. Teratology 44(1): 91-100.
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group, right atrial isomerism predominated over left. These findings suggest
that glucose itself, or one of its metabolites, may be a morphogen, as may many
other non-exotic, simple molecules. Yet another strain, called WB/ReJ,
consistently shows abnormal patterns of azygos vein connections; these include
a single right-sided azygos vein, a single left-sided azygos vein (the normal
pattern in mouse), and retention of the developmentally primitive symmetrically
paired veins.173 While these mice did not have visceral or atrial heterotaxia,
anomalous azygos venous patterns are frequently associated with asplenia
syndrome.

4. The Molecular Biology of Laterality Specification
a. Complexity of the Problem. The origin of asymmetry in vertebrates
has been described by one of the most active contemporary investigators as "a
deep and neglected question".174 Careful consideration of the problem leads to
the conclusion that it is a complex question as well. To begin with, any
explanatory model must account for distinct syndromes of situs inversus and
situs ambiguus. In the well-known Kartagener syndrome, for example,
bronchiectasis, sinusitis, anosmia, and sterility are found in association with
complete situs inversus.175 This autosomal recessive condition has been
attributed to a defect in ciliary dynein arms,176 but the absence of situs

173Biddle FG, Jung JD, and Eales BA, 1991. Genetically determined variation in the azygos vein
in the mouse. Teratology 44(6): 675-83.
174Brown NA, and Wolpert L, 1990. The development of handedness in left/right asymmetry.
Development 109:1-9.
175Kartagener M, and Stucki P, 1962. Bronchiectrasis with situs inversus. Arch. Dis. Child.
79:193-207.
176Afzelius BA, 1976. A human syndrome caused by immotile cilia. Science 1983:317-319.
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inversus in other ciliary dysfunction syndromes, such as Polynesian
bronchiectasis, suggests that, more likely, the dyne in lesion found in
Kartagener syndrome involves a pleiomorphic effect. In other words, situs
inversus is probably due to cytoplasmic interactions with dynein, rather than to
ciliary defects per se. It is intriguing that half of all homozygotes with
Kartagener syndrome have situs solitus, and half have situs inversus, although
the other clinical findings are common to both. In other words, the Kartagener
homozygote is "agnostic" for laterality. Nonetheless, more or less perfect
asymmetry does develop in all of these patients. In this context, it is interesting
to note that there is no known mutation or teratogen which produces situs
inversus with a frequency greater than 50%. That is, the fundamental
mechanism determining left-right orientation can be randomized, but cannot be
simply reversed.
A quite different situation is found in the patients described in this
study. Since both right and left isomerism are found in patients with the same
Ser364Pro mutation, these patients may also be described as being "agnostic"
for laterality. However, the presence of isomerism indicates an inability to
generate asymmetry as well. Thus, as Yost points out, there are at least two
separate questions: (1) how is left-right asymmetry generated; and (2) how is
the axis of left-right asymmetry then aligned with the rostrocaudal and
dor so ventral axes?177
The distinction between situs inversus and situs ambiguus is
complicated by the observation of both complete situs inversus and left-right

177Yost HJ, 1991. Development of the left-right axis in amphibians. In: Biological Asymmetry
and Handedness, John Wiley and Sons, pp 165-181.
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isomerism in the murine strain 1V/1V, and also by two published reports of
Kartagener's syndrome and polysplenia syndrome occurring in siblings.178’179
Such cases, if accurately reported, lead to the interpretation that agnosticism
for laterality (i.e, as in situs inversus totalis) may also be associated with partial
derangement of the mechanism for generating asymmetry (i.e., as in situs
ambiguus).
Wolpert suggests that the basis of asymmetry could be a chiral molecule
which can be fixed in a specific orientation with respect to the dor so ventral and
anteroposterior axes. 180 The creation of asymmetry then would require
(1) "conversion", or transmission of this property to the level of cellular
organization itself; (2) generation of asymmetry at the morphological level, by a
process which is intrinsically random, but may be guided by conversion under
normal conditions; and (3) "interpretation", or a mechanism by which cells
respond differently to right or left position context, once it has been determined
by steps 1 and 2. Wolpert proposes that step 2 may be accomplished by a
"gradient in a morphogen produced by reaction-diffusion".

b. First Appearance of Asymmetry. Left-right positional information is
already present in the oocyte. In the first cell cycle, the subcortical cytoplasm
rotates, and the dorsal midline runs through the point which moves furthest
toward the vegetal pole. If rotation is blocked by UV irradiation or

178Shidlow DV, Katz SM, Turtz MG, Dormer RM, and Capasso S, 1982. Polysplenia and
Kartagener's syndrome in a sibship: association with abnormal cilia. J. Pediatr. 100:401.
179Teichberg S, Markowitz J, Silverberg M et al., 1982. Polysplenia and Kartagener's syndrome
in a sibship: association with abnormal respiratory cilia. J. Pediatr. 100:399-401.
180Brown NA, McCarthy A, and Wolpert L, 1991. Development of handed body asymmetry in
mammals. In: Biological Asymmetry and Handedness, John Wiley and Sons, pp 182-201.
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cytochalasin, embryos are "ventralized" and normal asymmetry does not
develop. 181 Asymmetry of gap junction-mediated cell-cell communication has
also been reported in 32-cell Xenopus embryos, 182 In these embryos, bidirectional transfer of Lucifer yellow dye was noted everywhere, except across the
primary cleavage axis at the ventral end, opposite the grey crescent. A
significantly greater degree of coupling was noted among cells on the right side
of the primary cleavage axis, compared to the left. A definitive left-right axis,
however, appears only after the anteroposterior and dorsoventral axes have
been well established (the anteroposterior axis is determined by the appearance
of the primitive streak at 6.5 days in the mouse, or 14 days in humans,183 and
the germ layers also define a dorsoventral polarity by the same time).
Morphologically, left-right asymmetry is not evident until the onset of D-looping
in the heart, which occurs at 8.5 days' gestation in the mouse; this is followed
by "turning" or coiling of the caudal portion of the embryo toward the right.

c. Intercellular Interactions. In chimaeric embryos made by combining
blastomeres of iv/iv and wild-type mice, laterality defects are rare, suggesting
that cellular interactions may be able to effect at least a partial rescue of the
mutant phenotype.184 Where situs inversus is noted in these chimaeras, over
two-thirds of the heart is composed of iv/iv cells. In an elegant series of

181 Yost HJ, 1991. Development of the left-right axis in amphibians. In: Biologiced Asymmetry
and Handedness, John Wiley and Sons, pp 165-181.
Guthrie SC, 1984. Patterns of junctional communication in the early amphibian embryo.
Nature 311:149-51.
183Brown NA, McCarthy A, and Wolpert L, 1991. Development of handed body asymmetry in
mammals. In: Biological Asymmetry and Handedness, John Wiley and Sons, pp 182-201.
184Brown NA, McCarthy A, and Wolpert L, 1990. The development of handed asymmetry in
aggregation chimeras of situs inversus mutant and wild-type mouse embryos. Development
110:949-954.
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experiments, Yost showed that wounding the blastocoel roof of late blastulae or
early gastrulae frequently, but not invariably, results in cardiac and/or
visceral situs inversus.185 Wounding or transplantation of the overlying
ectoderm causes random orientation of the left-right axis in the cardiac
mesoderm or visceral endoderm directly apposed to the ectoderm. These effects
are most dramatic and consistent during the period of the early gastrula, which
is coincident with the period of active deposition of extracellular matrix. Yost
suggests that a signal from the vegetal part of the embryo crosses the plane of
the ectoderm toward the animal pole. Such a signal may well travel by gapjunction-mediated diffusion, and, if so, its diffusion would be indirectly
susceptible to regulation by any factors which impinge upon gap junction
formation or function — including the regulation of channel gating by secondmessenger-dependent phosphorylation of important substrate proteins.
While the identity of Yost's morphogenetic mediator remains to be
discovered, perturbation of second messenger pathways has already been
observed to produce antiasymmetrogenic effects. For example, Fujinaga and
Baden found that alphai-adrenergic agonists disrupted development of
asymmetry, if administered just before head-fold formation, and before
completion of the first somite.186 In this study, serotonin and phorbol dibutyrate
had no effect, nor did the alphai-adrenergic antagonist prazosin. However,
heat shock, retinoic acid, lithium chloride and colchicine all had more or less

185Yost HI, 1991. Development of the left-right axis in amphibians. In: Biological Asymmetry
and Handedness, John Wiley and Sons, pp 165-181.
186Fujinaga M, and Baden JM, 1991. Evidence for an adrenergic mechanism in the control of
body asymmetry. Dev. Biol. 143:203-205.
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marked disruptive effects upon the development of asymmetry, albeit some of
these agents produce other teratologic lesions also.

d. Twinning Studies. An association has long been noted between
twinning and abnormahties of situs and other malformations. Monozygotic twins
are two to three times more likely to have heart defects than are dizygotic twins
or singletons. 187 Burn studied a group of 400 twin pairs with malformations;
twelve of these had enantiomeric patterns of hair whorls, 188 Among four
dizygotic twin pairs, the heart malformation occurred with equal frequency in
the left or right twin. Among eight monozygotic twin pairs, the heart
malformation always occurred in the twin with the right-sided hair whorl. In
one of these pairs, the right-sided twin suffered a massive stroke, resulting in
right hemiplegia, but not in complete aphasia, suggesting there was bilateral
localization of the speech center. There was no association, however, between
handedness and direction of the hair whorl.
In conjoined twins, where conjoining occurs through the plane of the
hearts, the heart of the left twin is typically in situs solitus, while that of the
right twin frequently has situs inversus. 189 In the original "Siamese twins".
Chang and Eng, the right partner was reported to have dextrocardia.190 Siebert
et al. report a case of dicephalus dibrachii dipus conjoined twins with a shared
heart, in which the left twin had abdominal situs solitus, while the right twin
187Burn J, and Corney G, 1988. Types of twinning and determination of zygosity. In: McGillivray
I, Campbell DM, and Thompson B (eds). Twinning and twins. Wiley, Chichester pp 7-26.
188Burn J, 1991. Disturbance of morphological laterality in humans- In: Biological Asymmetry
and Handedness, John Wiley and Sons, pp 282-299.
189Cunniff C, Jones KL, Jones MG, Saudners B, Shepard T, and Benirschke K, 1988. Laterality
defects in twins: implications for normal asymmetry in human embryogenesis. Am. J. Med.
Genet. 31:669-677.
190See Newman HH, 1923. The physiology of twinning. University of Chicago Press.
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had situs inversus and polysplenia.191 Cunniff et al. examined six pairs of
conjoined twins: four pairs were dicephalus, and two were of the ischiopagus
type. Three of the four dicephalus pairs had fused hearts, and in each of
these, the right twin had an abnormahty of laterahty that included a right
aortic arch, transposition of the great arteries, bilateral right-sided isomerism of
the lungs, asplenia, and situs inversus of the viscera.192 The left twin
invariably had normal great vessel orientation and situs solitus. The other
three pairs did not have fused hearts, and all of these had normal laterality.
The investigators concluded that rotation of the heart initiates the embryo's
process of lateralization, and that the laterality defects of the viscera seen in
the right twin are a result of their abnormal cardiac rotation.
Recently, Levin et al. published a survey of 167 pairs of conjoined
twins.193 As in the previous studies, a much greater incidence of laterality
defects was seen in the right twins. Laterality defects were also more common
when the hearts were located near each other, and in nearly the same plane.
For dicephalus twins (joined side-to-side at the chest), the incidence was 86%;
for thoracopagus twins (joined obliquely at the chest and abdomen), the
incidence was 71%. In 12 pairs of head-to-head chick embryos, on the other
hand, the same group of investigators found no abnormalities of laterality. 194
They speculated that the abnormahties seen in side-to-side twins were due to
191 Siebert JR, Machin GA, and Sperber GH, 1989. Anatomic findings in dicephalic conjoined
twins: implications for morphogenesis. Teratology 40(4): 305-10.
192Cunniff C, Jones KL, Jones MC, Saunders B, Shepard T, and Benirschke K, 1988. Laterality
defects in conjoined twins: implications for normal asymmetry in human embryogenesis. Am.
J. Med. Genet. 31(3): 669-77.
193 Levin M, Roberts DJ, Holmes LB, Tabin C, 1996. Laterality defects in conjoined twins.
Nature 384:321.
19/1 Levin M, Pagan S, Roberts DJ, Cooke J, Kuehn MR and Tabin CJ, 1997. Left/right
patterning signals and the independent regulation of different aspects of situs in the chick
embryo. Devel Biol 189:57-67.
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“cross-talk” between the two primitive streaks, with a diffusible regulator from
the right side of the left twin crossing over to induce a right-sided phenotype
on the left side of the right twin. Paradoxically, although this substance was
hypothetically able to cross the blastoderm to affect the neighboring embryo, it
could not cross the midline of either embryo.
The evidence from twinning is consistent with a hypothesis that separate
programs exist for left-right differentiation, presumably under genetic control.
It also appears that the left side is somehow dominant. A similar pattern was
observed in the early work of Spemann and Falkenberg, who cut newt
blastulas into two; the left half developed with normal asymmetry, and the
right half had random asymmetry or laterality defects, 195 Several investigators
have noted that, in early development, the left side appears to act as a leading
edge, developing more quickly than the right.196 There are numerous
asymmetries among chordates and higher invertebrates which are biased in
favor of the left side. In echinoderms, for example, organ systems of the adult
develop mainly from the left-sided coelomic cavities. In vertebrates, the
narwhal tusk develops from a left tooth; only the left ovary of birds is normally
functional; bird song is controlled by the left side of the brain; and amphibian
habenulae are two on the left, and single on the right.197
The twinning studies also suggest that the dominant left side interacts
somehow with the following right side, which develops abnormally when
195 Spemann H, and Falkenberg H, 1919. Ueber asymmetrische Entwicklung und Situs Inversus
vescerum bei Zwillingen und Doppelbildungen. Arch. Entwicklungsmech Org. (Wilhelm
Roux) 45:371-423.
196Corballis MC and Morgan MJ, 197 8. On the biological basis of human laterality. Evidence of a
maturational left to right gradient. Behav. Brain Sci. 2:261-269.
197Morgan MJ, 1991. The asymmetrical genetic determination of laterality: flatfish, frogs and
human handedness. In: Biological Asymmetry and Handedness, John Wiley and Sons, pp
234-250.
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separated from it. The occurrence of syndromes involving situs inversus, such
as Kartagener syndrome, indicates that, at some point in development, both the
anatomical left and right sides have the capacity to differentiate into a
morphological left side. The twinning studies cited above, however, are
consistent with the possibility that at some later point, the tissues on the right
side of the body lose the capacity to undergo left-sided differentiation; while on
the left side, a dual capacity for both left or right-sided differentiation is
retained for a significantly longer time. One mechanism by which this might be
accomplished is by reciprocal inhibition. This property is illustrated by the
snapping shrimp Alpheus heterochelis, in which one of the chelae is always
larger than the other. If the larger one is removed, it regenerates as a small
one, and the small one turns into a large one. 198 According to this model, some
influence from the dominant side is transmitted across the midline, to inhibit
differentiation or growth of the non-dominant side.
Reciprocal left-right inhibition may also explain the unusual asymmetry
of connexin43 expression in 8-to-10 day transgenic mouse embryos expressing a
lac z reporter gene fused to the promoter sequence of connexin43.199,200 In
these mice, the lac z reporter was expressed in the brain, heart and dorsal root
ganglia in a "staggered" pattern, in which, at each segmental level, expression
was exclusively on the right or left side, with the overall pattern flipping
randomly to right or left at each level. This asymmetry was transient, but
198Morgan MJ, 1977. Embryology and inheritance of asymmetry. In: Harnad SR, Doty RW,
Goldstein L, Jaynes J, and Krauthamer G (eds.) Lateralization in the nervous system.
Academic Press, New York: 173-194.
199 Sullivan R and Lo CW, 1995. Expression of a connexin43/beta-galactosidase fusion protein
inhibits gap junctional communication in NIH3T3 cells. J Cell Biol 130:419-29.
200 Lo CW, Cohen ME, Huang GY, Lazatin BO, Patel N, Sullivan R, Pauken C, and Park SM,
1997. Cx43 gap junction gene expression and gap junctional communication in mouse neural
crest cells. Dev Genet 20:119-32.
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occurred just prior to and during the first appearance of visceral asymmetry
(the D-looping of the embryonic heart). This was in distinction to the completely
symmetric expression pattern for wntl (formerly designated enfl), a gene which
is frequently coexpressed with connexin43 in the developing central nervous
system. These results could be explained by hypothesizing that, at the time of
its initial expression, connexin43, or some other gene tightly coexpressed with
connexin43, acts to suppress its own transcription on the opposite side of the
midline, where it is possible that some alternative connexin is expressed in its
place. This expression pattern, asymmetrical but "agnostic" for left-right lateral
ity, would then have the result of establishing separate communication
compartments on either side of the midline, which would, in turn, permit differ
entiation according to left or right programs, as determined independently by
one or another of the mechanisms proposed by Wolpert, Yost, and their
colleagues.

e. Role of the Notochord. Two well-characterized zebrafish mutant
strains are described as presenting with combined notochordal defects and situs
abnormalities.201 In mutants of Floating head (flh), a homeodomain-containing
putative transcription factor homologous to Xenopus Knot, the notochord is
absent, and situs inversus is noted in 50% of cases. In contrast, in mutants of
No tail (ntl), a transcription factor homologous to Xenopus brachyury gene, the
notochord fails to differentiate, but notochordal precursor cells are still
present in the midline, and are able to induce normal development of the floor
plate. Half of these embryos also have cardiac situs inversus. In both of these
201 Danos MC and Yost HJ, 1996. Role of notocord in specification of cardiac left-right
orientation in zebrafish and Xenopus. Devel Biol 177:96-103.
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mutant strains, notochord precursor cells show decreased or absent expression
of connexin43.4, a homolog of chick and human connexin45, which is normally
present in the blastula, early notochord and tail bud, and in the embryonic
central nervous system202. Connexin43.4 expression is lost from notochordal
precursor cells at an earlier stage in ntl mutants, compared to more severely
malformed flh mutants. This suggests that connexin43.4 expression may be
regulated, directly or indirectly, by nfl, and that flh acts upon connexin43.4 by
first decreasing the expression of ntl.
In Xenopus, explants of precardiac mesoderm will develop cardiac
looping, if allowed to grow in culture. These will loop in a randomized left or
right direction if removed during neural fold/neural groove stages (stage 1618), but loop normally (i.e., to the right) after stage 18 (tailbud stage).203
Actual looping does not take place until embryonic stage 33-36, so the
direction of looping appears to be predetermined long before it takes place
morphologically. Extirpation of notochord at neural fold/neural groove stages
(15-18) resulted in randomization of cardiac situs, or at least in an increased
incidence of cardiac situs inversus. Cardiac situs was normal if the notochord
was extirpated after stage 18.
It is unclear at present how the notochord might affect cardiac situs —
whether as a source of signaling molecules, or as a midline barrier to cell-cell
communication or contact. Given the intimate relationship between the
notochord and Hensen’s node, it is also possible that the notochord may derive

202 Essner JJ, Laing JG, Beyer EC, Johnson RG, and Hackett PB Jr, 1996. Expression of
zebrafish connexin43.4 in the notochord and tail bud of wild-type and mutant no tail
embryos. Devel Biol 177:449-462.
203 Danos MC and Yost HJ, 1996. Role of notocord in specification of cardiac left-right
orientation in zebrafish and Xenopus. Devel Biol 177:96-103.
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some of its influence from expression patterns carried over from the node, or
induced by more primary nodal asymmetries.

f. Genetic Determinants. Since the publication of Britz-Cunningham et
aL (1995), a substantial body of new details have emerged in the molecular
mechanism for the determination of left-right asymmetry in the heart. An
interesting finding is that, while the basic outlines of the mechanism appear to
be similar among vertebrates, there is considerable inter-species variation in the
pattern of specific genes expressed204. For this reason, it is necessary to discuss
each species separately.

i. Chick. At the present writing, chick heart development has been best
described, and may be taken as prototypical of the development of asymmetry
in vertebrates. Paradoxically, of those genes which appear to be most clearly
involved in determining cardiac laterality, very few are expressed in the myo
cardium itself, and nearly all are expressed well before the first visible signs of
cardiac asymmetry, which occur with the onset of D-looping in stage 10. The
ear he st known gene to show asymmetric expression is activin IIB, a diffusible
signal peptide related to the TGF-beta family.205 Whole-mount in situ
hybridization has demonstrated lateralized expression of this gene on the right
side of Hensen's node (the chick equivalent of Spemann's organizer, which
ultimately gives rise to the notochord and definitive endoderm) as early as stage

204Varlet I and Robertson EJ, 1997. Left-right asymmetry in vertebrates. Curr Opin Genet
Devel 7:519-23.
205 Mitrani E, Ziv T, Thomsen G, Shimoni Y, Melton DA and Bril A, 1990. Activin can induce
the formation of axial structures and is expressed in the hypoblast of the chick. Cell
63:495-501.
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3.206 This gene product appears to be able to induce expression of its own
receptor, cActR-IIA, which is detectable early in stage 4 on the right side of
the primitive streak, and then localizes more definitively on the right side of
Hensen's node.207 Implanting a source of activin on the left side of the chick
node has been shown to repress sonic hedgehog (Shh) on the left and eliminate
expression of nodal.208 When beads soaked with follistatin, an activin
antagonist, were implanted on the right side of the node at stage 3, 25% of
embryos showed symmetric Shh expression (compared to 0% in controls). 209
Activin betaB, acting through its receptor, appears to inhibit the
expression of sonic hedgehog (Shh), another diffusible signal molecule, which
at first is present symmetrically throughout Hensen's node, but immediately
after the appearance of cActR-IIA in stage 4, becomes restricted to left-sided
nodal ectoderm — a pattern which persists until stage 7, after which
expression is symmetric. Implanting a source of Shh on the right side of
Hensen's node results in bilateral expression of nodal.210 It also results in
heterotaxia. Among 7 4 embryos implanted with Shh-soaked beads on the right

20^Levin M, Pagan S, Roberts DJ, Cooke J, Kuehn MR and Tabin CJ, 1997. Left/right
patterning signals and the independent regulation of different aspects of situs in the chick
embryo. Devel Biol 189:57-67.
207 Stern CD, Yu RT, Kakizuka A, Kintner CR, Mathews LS, Vale WW, Evans RM, Umesons
K, 1995. Activin and its receptors during gastrulation and the later phases of mesoderm
development in the chick embryo. Devel Biol 172:192-205.
208 Levin M, Johnson RL, Stern CD, Kuehn M, and Tabin C, 1995. A molecular pathway
determining left-right asymmetry in chick embryogenesis. Cell 82:803-14.
209Levin M, Pagan S, Roberts DJ, Cooke J, Kuehn MR and Tabin CJ, 1997. Left/right
patterning signals and the independent regulation of different aspects of situs in the chick
embryo. Devel Biol 189:57-67.
210 Levin M, Johnson RL, Stern CD, Kuehn M, and Tabin C, 1995. A molecular pathway
determining left-right asymmetry in chick embryogenesis. Cell 82:803-14.
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side of the node, 20 showed nearly randomized patterns of combination of
inversion of the heart, stomach or whole body turning.211

No. of embryos

Situs defect

4

Heart but not turning reversed

7

Stomach reversed

4

Whole-body turning but not heart reversed

4

Whole body unturned

5

Heart and turning reversed

2

Heart, stomach and turning reversed

From this data. Levin et al. concluded that Shh was upstream of the branch
point for laterality decisions for each organ, and that each organ aligned itself
independently with regard to the main left-right axis when Shh signalling was
ambiguous.
At the same time that Shh first appears, a very brief asymmetric
expression of HNFSbeta, a winged-helix transcription factor, occurs in the left
side of the primitive ridge, becoming symmetric by stage 5. This is followed by
the reappearance of chick nodal (cNR-1), another member of the TGF-beta
family, which in stage 4 has a transient symmetric pattern of expression in the
mesoderm in and just lateral to the primitive streak, but which, in stage 7 and
8, is strongly localized in the left lateral plate mesoderm, in a domain directly

211Levin M, Pagan S, Roberts DJ, Cooke J, Kuehn MR and Tabin CJ, 1997. Left/right
patterning signals and the independent regulation of different aspects of situs in the chick
embryo. Devel Biol 189:57-67.
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adjacent to cells expressing Nkx-2.5, a marker of cardiac progenitor cells.212
Nodal is the only member of the cascade of left-right specific genes to show
conserved asymmetry of expression among all vertebrate species examined.
When pellets containing fibroblasts infected with a nodal-expressing retroviral
vector were implanted in stage 6-7 chick embryos, the following patterns were
noted in the heart:213

Implanted on left:

82% right looping (wild-type)
0%

left looping

18% right isomerism
Implanted on right:

38% right looping
19% left looping
43% right isomerism

Controls:

81 % right looping
10% left looping
9%

right isomerism

While embryos subjected to implantation on the left were little different from
controls, implantation on the right was associated with a significant increase in
right isomerism, and left cardiac looping (inversion). Curiously, no left
isomerism was noted. From this data. Levin et aL concluded that nodal directly
specifies left-right cardiac asymmetry. Bearing in mind that endogenous nodal is

212 Levin M, Johnson RL, Stern CD, Kuehn M, and Tabin C, 1995. A molecular pathway
determining left-right asymmetry in chick embryogenesis. Cell 82:803-14.
213Levin M, Pagan S, Roberts DJ, Cooke J, Kuehn MR and Tabin CJ, 1997. Left/right
patterning signals and the independent regulation of different aspects of situs in the chick
embryo. Devel Biol 189:57-67.
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expressed on the left side of all these embryos, the striking increase in
isomerism after right-sided implantation is compatible with the hypothesis that
specification occurs independently on either side of the heart. While that may
be true, the exclusive occurrence of right isomerism would seem to suggest
that the most potent effect of nodal is to induce a right-sided phenotype on the
side of the heart opposite to its locus of expression, rather than to induce an
ipsilateral left-sided phenotype.
Nodal is believed to induce the expression of an as yet unspecified set of
genes on the left side of the developing myocardium, among which may be
flectin, an extracellular matrix protein which appears in stage 7 and 8 in the
left side of the precardiac mesoderm, and subsequently in the myocardium and
associated cardiac jelly.214 Another lectin-associated matrix protein, hLAMP-1,
is initially expressed symmetrically in the node and precardiac mesoderm, but
by stage 5-6 is predominantly restricted to the left precardiac field lateral to
the node.
Specifically right-sided cardiac genes have been identified as well. Chick
snail-related protein (cSnR) is a transcription factor, initially found on both
sides of the primitive streak and presumptive neural ectoderm; however,
immediately following the appearance of nodal on the left side, it adopts a
complementary pattern of restriction to the right side of the anterior cardiac
and lateral plate mesoderm.215 jB3y a fibrillin-related protein, also shows a
pattern of early symmetric expression in the node and precardiac mesoderm.

214 Tsuda T, Philp N, Zile MH, and Linask KK, 1996. Left-right asymmetric localization of
flectin in the extracellular matrix during heart looping. Devel Biol 173:39-50.
215 Isaac A, Sargent M, and Cooke J, 1997. Control of vertebrate left-right asymmetry by a snail
related zinc finger gene. Science 275:1301-4.
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followed, at stage 5-6, by localization predominantly in the right side of the
precardiac field.
Within this context, it is significant to note that connexin43 has also
been reported to show asymmetric expression, restricted to the left side of
Hensen's node in early chick embryos, although it does not appear to be
present in the precardiac mesoderm (M. Kirby, unpublished results). Its
appearance at this site would permit the establishment of a communication
compartment involving the entire Shh-expressing domain on the left side of the
node, but not the activin-expressing domain on the right. This arrangement
could well be crucial for the correct expression of genes located downstream in
the cascade of laterahty specification. If, in principle, laterality of the heart is
programmed by laterality in the node, then connexin43 would not need to be
expressed in cardiac tissue per se, in order to affect cardiac situs.

ii. Mouse. The earhest asymmetry of gene expression in mouse involves
nodal (a homolog of chick nodal), which up to the 8-somite stage is expressed
in the left lateral plate mesoderm, and also shows transient but strong
expression on the left side of the organizing node.216 During the early somite
stages, lefty-1, another member of the TGF-beta family, is expressed on the left
side of the prospective floor plate, and a related protein, lefty-2, which shows
an earher pattern of symmetric expression in the mesoderm alongside the
primitive streak, becomes restricted to the left lateral plate mesoderm.

216 Collignon J, Varlet I, and Robertson EJ, 1996. Relationship between asymmetric nodal

expression and the direction of embryonic turning. Nature 381:155-8.
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overlapping the distribution of nodal.217 In mouse, no asymmetry has been
noted in the expression of sonic hedgehog (Shh), and mutations in this gene do
not disturb laterality. 218
To date, no right-sided genes have been identified in mouse. The murine
homologs of chick activin and ActR-IIA show no asymmetry of expression, and
mutations in these genes do not disturb laterality.219 Curiously, mutations in a
second type of activin receptor, ActR-IIB, do result in situs defects, although
this gene itself appears to be expressed symmetrically.220
As noted above, the murine mutants iv (inversus viscerorum) and
legless have recently been attributed to mutations in left/right dynein (Ird; also
known as DLP11), a gene homologous to the axonemal dynein-beta heavy chain
(although it is primarily expressed in non-ciliated cells).221 Left-right dynein is
first seen throughout the early blastocyst, and then becomes restricted to the
ventral part of the node by day E7.5, before the appearance of mouse nodal
and lefty-1 and -2. Its distribution is never asymmetrical, and it is never
expressed in the heart. In iv mutants, nodal and lefty-1 are variously localized
on the left, on the right, on both sides, or are absent altogether; furthermore.

21 7 Meno C, Saijoh Y, Fujii H, Ikeda M, Yokoyama T, Yokoyama M, Toyoda Y, and Hamada H,
1996. Left-right asymmetric expression of the TGF beta-family member left in mouse
embryos. Nature 381:151-61.
218 Chiang C, Litingtung Y, Lee E, Young KE, Corden JL, Westphal H, and Beachy PA, 1996.
Cyclopia and defective axial patterning in mice lacking sonic hedgehog gene function.
Nature 383:407-13.
219 Matzuk MM, Kumar TR, and Bradley A, 1995. Different phenotypes for mice deficient in
either activins or activin receptor type II. Nature 374:356-60.
220 Oh SP and Li E, 1997. The signalling pathway mediated by the type HB activin receptor
controls axial patterning and lateral asymmetry in the mouse. Genes Devel 11:1812-26.
221Supp DM, Witte DP, Potter SS and Brueckner M, 1997. Mutation of an axonemal dynein
affects left-right asymmetry in inversus viscerum mice. Nature 389:963-6.
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the anterior boundary of nodal expression is shifted somewhat caudally.222
These findings confirm that left/right dynein acts upstream of nodal and lefty-1.

iii. Xenopus. Xenopus nodal-related (Xnr-1) is one of four homologs of
chick nodal found in the frog embryo, and is the only one to be asymmetrically
expressed, when, during gastrulation, it is localized on the left side of
Spemann's organizer.223 Mutations in Vgl have been shown to perturb both
dorsoventral axis formation and cardiac looping.224 This gene is particularly
interesting, as it is transcribed in the maternal oocyte, but not in the fertilized
embryo. Its involvement in the specification of two axes gives it some claim to
be considered as a candidate for the role of Yost's "F-protein", and supports the
idea, proposed by Yost and others, that left-right differentiation is always
latently present in the embryo (and even in the oocyte), due to the
fundamental chirality of cytoskeletal macromolecules.

iv. Homo sapiens. In humans, Shh mutations are associated with
holoprosencephaly (midline defects), but not laterality defects.225 Along with
the observed correlation of connexin43 with heterotaxia, X-linked situs
abnormalities have been linked to ZIC3, a zinc finger protein partially

222Collignon J, Varlet I, and Robertson EJ, 1996. Relationship between asymmetric nodal
expression and the direction of embryonic turning. Nature 381:155-8
223 Lohr JL, Danos MC, and Yost HJ, 1997. Left-right asymmetry of a nodal-related gene is
regulated by dorsoanterior midline structures during Xenopus development. Development
124:1465-72.
224 Hyatt BA, Lohr JL, and Yost HJ, 1996. Initiation of vertebrate left-right axis formation by
maternal Vgl. Nature 384:62-6.
225 Roessler E, Belloni E, Gaudenz K, Jay P, Berta P, Scherer SW, Tsui LP, Muenke M, 1996.
Mutations in the human sonic hedgehog gene cause holoprosencephaly. Nat Genet 14:35760.
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homologous to Drosophila odd paired (opa).226 Affected males reportedly have
situs ambiguus, with variable combinations of heart, gastrointestinal and
splenic involvement. Most females carrying ZIC3 mutations are phenotypically
normal. However, in one family, one-third of females have situs inversus
totalis. In another family, situs ambiguus was found in the daughter of an
unaffected male; neither the father nor daughter carried the ZIC3 mutation
found in other affected members of this family, but the daughter and her
unaffected mother were both noted to have a conservative arginine-toglutamine substitution in NODAL, of uncertain significance.

g. The Role of the Organizing Node. Although the heart is the first
vertebrate organ to show morphological evidence of asymmetry, patterns of
asymmetric gene expression which determine cardiac situs appear to be
established well before this time. Paradoxically, the earliest known genes in
this cascade are expressed exclusively in non-cardiac tissue. It appears
unlikely, then, that the heart is a "master organ" responsible for integrating
asymmetry information, and then determining situs for all other organs, as was
suggested by Cunniff et al.
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The experiments of Levin et aL, for example, in

which Shh-soaked beads were implanted in chick embryos, show that cardiac
situs and embryonic turning can be disrupted more or less independently. 228

226Gebbia M, Ferrero GB, Pilia G, Bassi MT, Aylsworth AS, Peiunan-Splitt M, Bird LM,
Bamforth JS, Burn J, Schlessinger D, Nelson DL and Casey B, 1997. X-linked situs
abnormabties result from mutations in ZIC3. Nature Genet 17:305-8.
22^Cunniff C, Jones KL, Jones MG, Saunders B, Shepard T, and Benirschke K, 1988. Laterality
defects in conjoined twins: implications for normal asymmetry in human embryogenesis. Am.
J. Med. Genet. 31(3): 669-77.
228Levin M, Pagan S, Roberts DJ, Cooke J, Kuehn MR and Tabin CJ, 1997. Left/right
patterning signals and the independent regulation of different aspects of situs in the chick
embryo. Devel Biol 189:57-67.
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Brown and Wolpert hypothesize that there is a global asymmetry signal, and
that each organ orients itself to this. In this view, heterotaxia results from the
failure of an individual organ to carry out this orientation.
The identity of the master left-right pattern organizer is still subject to
debate. However, the earliest genes now known to be involved in laterality
specification, or to show left-right asymmetry of expression, are all expressed in
or around Hensen's node, or its equivalent in amphibians and mammals. This
region is generally considered to play a key role in establishing the
dorsoventral and anteroposterior axes, and onto genetically appears earlier than
either heart or notochord. Given the evidence now extant, it may be proposed
that the node is the best, or at least furthest upstream, candidate site for the
organization of the left-right axis as well.

h. Electrodynamic Model of Generation of Asymmetry. Levin and
Nascone have proposed a model for the primary generation of embryonic
asymmetry, in which gap-junctional communication plays a crucial role. 229
They begin by invoking the Brown-Wolpert model, in which a chiral
cytoskeletal element, oriented along the AP and DV axes, is proposed to act as
a nucleation center for orienting other molecules, such as filaments or
microtubules, in a non-random manner along the LR axis. Levin and Nascone
hypothesize that dynein-powered microtubule motors could ride along these LR
tracks, transporting morphogenetic molecules, such as mRNA or protein, in an

229 M Levin and N Nascone, 1997. Two molecular models of initial left-right asymmetry
generation. Medical Hypotheses 49:429-35.
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asymmetric pattern in the cell.230 Supporting this model are the findings that
(1) dysfunction of axonemal dynein is associated with situs inversus totalis in
Kartagener syndrome; that (2) mutations in left/right dynein are associated with
heterotaxia; and (3) that, in Xenopus embryos, disrupting the microtubule
array with ultraviolet illumination gives rise to a 25% incidence of situs
inversus.231 Asymmetric movement of dynein could then result in an
asymmetric placement of ion pumps on the cell surface, generating a potential
difference between membranes on opposite sides of the cell. Noting that
Guthrie's dye-transfer studies with 32-cell Xenopus embryos showed a
discontinuity of cell-cell communication at the primary cleavage axis at the
ventral pole. 232 Levin and Nascone propose that gap junctional communication,
possibly utilizing connexin43 channels, could allow electrical charge to
separate, creating a battery-like potential difference between the left and right
halves of the embryo. An electrically charged morphogen which was itself able
to permeate gap junctions would consequently undergo electrophoresis, and
accumulate on one side of the embryo. In support of this model, the authors
note that applying electric fields to amphibian embryos has been shown to
reverse left-right asymmetry233.

230Brown N and Wolpert L, 1990. The development of handedness in left/right asymmetry.
Development 109:1-9.
231 Yost HJ, 1991. Development of the left-right axis in amphibians. Ciba Foundation Symp
162:165-76.
232Guthrie SC, 1984. Patterns of junctional communication in the early amphibian embryo.
Nature 311:149-51.
233 von Kraft A, 1968. Beeinflussung des Eingeweidensitus beim Alpenmolch durch elektrischen
strom. Wilhelm Roux Archiv 160:255-8.
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i. Communication Compartments Within the Organizing Node. As
noted above, Hensen’s node, or its equivalent, appears to be a site where pre
existing cellular and genetic asymmetries, however derived, are translated into
morphogenetic patterning. Presumably, these latent asymmetries result in a
lateralized pattern of expression of some gene, such as activin, which is
capable of initiating a distinctive program, or cascade of downstream genes,
which gives rise to a specifically left- or right-sided phenotype. Non-activation
of the controlling gene may be presumed to lead, by default, to committment to
the program specifying the contralateral phenotype.
Yet, to effectively translate genetic programs into morphologic
structures, two more elements are required. First, all of the cells destined for a
lateralized phenotype must participate in the specifying program. For each of
them to do so individually would require an extraordinary degree of fidelity to
the program, with every cell expressing exactly the right amount of receptors,
transcription factors, and so forth, at exactly the right time. Any error in
responding to the program would result in left-right mosaicism. The evidence
from bead implantation studies, where ectopic non-uniform sources of activin,
Shh or nodal presumably give rise to considerable local variability and
ambiguity of signalling from these sources, indicates that such mosaics do not
form under any known conditions. Consequently, it appears that cells within
each domain develop the phenotype coordinately. This presupposes that
information is shared among the cells. Connexin43 could easily play a role in
this respect, by providing channels to permit free diffusion of second
messengers throughout a domain.
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A second requirement is that information from one domain must not be
shared with cells destined for the contralateral phenotype. In other words, a
left-right boundary must be established. This could be accomplished in several
ways. First, a midline barrier structure could block diffusion back and forth
between the left and right domains. Danos and Yost suggest that the notochord
could perform this function. However, the notochord itself is a phenotypically
distinct domain, which requires boundaries at points of contact with its
neighbors. Presumably, the cells within the notochord are developing
coordinately, and they must then share information as well, which must not be
shared with either the adjoining left- or right-sided domains. Thus, two paramidline boundaries are now required, instead of one midline boundary. The
presence of the notochord complicates the problem without resolving it.
A second mechanism of boundary formation would be the differential
expression of gap junction proteins within the adjoining left- and right-sided
domains. As noted above, studies of heterotypical gap junctions (i.e., of pairs of
cells expressing different connexins) show that permeability of such junctions
may be altered or abrogated, depending upon the specific connexins taking
part.234 Although it is conceivable that the domain expressing the default
program of differentiation would not require informational coupling among
cells, since in the absence of an unambiguous stimulus, each cell would
express the correct program, it would seem more reliable for both domains to
carry on the same kind of coordinated differentiation. This could be
accomplished by expressing different connexins on either side of the midline.
234 Koval M, Geist ST, Westphale EM, Kemendy AE, CivitelliR, Beyer EC, and Steinberg TH,
1995. Transfected connexin45 alters gap junction permeability in cells expressing
endogenous connexin43. J Cell Biol 130:987-95.
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Where the two domains adjoined at the midline, a permeability barrier could
still exist, which would insulate signalling on one side from the other. Thus the
left- and right-sided domains would constitute two distinct communication
compartments. The observation of exclusive left-sided expression of connexin43
in chick Hensen's node is precisely what is required by this model.
For a connexin whose gating properties could be enzymatically
regulated, the same results could be achieved, even if the connexin itself were
expressed symmetrically in the node. In this case, the left-right boundary could
be maintained by differences in the expression of the regulators, rather than of
their connexin substrate. For example, if cAMP-dependent protein kinase were
restricted to the left side of the node, and protein kinase G were restricted to
the right side, then wild-type connexin43 channels might tend to remain open
on the left, and closed on the right. This would be functionally equivalent to
the unilateral expression of connexin43 on the left side, except that the
boundaries of the domain could be formed, and modulated, much more rapidly
than by changes in connexin43 transcription and synthesis (seconds, compared
to hours). In this setting, however, Ser364Pro mutant connexin43 would not
respond correctly to either protein kinase. Disruption of the midline boundary
might then lead to random left or right isomerism, insofar as both domains
remained in communication. Alternatively, if cell-cell communication were
sufficiently disrupted, no true communication compartment would exist,
coordinated differentiation could not take place, and left-right mosaicism would
develop, which might be difficult to distinguish morphologically from true
isomerism. These mechanisms could account for the findings of apparent
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bronchopubnonary and cardiac isomerism, and other disturbances of situs, in
the patients of the present series.
This model makes several testable predictions, which should be the
focus of future experimental work:
•

A connexin other than connexin43 should be expressed contra-

laterally in chick Hensen's node, and dye transfer across the midline should
not be seen during the critical period of laterality determination (stages 3-10);
•

At a comparable time, a midline barrier to dye transfer should be

observable in the mouse node;
•

At least one connexin should be expressed in the mouse node.

Insofar as the mouse node resembles its human and chick equivalents, this
connexin should be connexin43. If expression of connexin43 is asymmetric, a
second connexin should be expressed on the contralateral side. Heterotypic
channels between these two connexins should be non-permeable;
•

If connexin43 expression is symmetric in the mouse node, then

phosphorylation patterns should differ on both sides of the node, and with
respect to connexin4 3-mediated cell-cell communication, one side should be in
a high-functioning state, and the other in a low-functioning state. Thus, co
injection of fluorescent dye and the inhibitor protein of cAMP-dependent
protein kinase A should decrease dye transfer on the high-functioning side of
the node, but not the other (since connexin43 function is already minimal
there). Similarly, co-injection of fluorescent dye and 8-bromo-cAMP and/or an
inhibitor of protein kinase C should permit dye transfer across the midline, if
injected into boundary cells on the low-functioning side, but not the highfunctioning side;
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•

Transgenic mice expressing Ser364Pro mutant connexin43, but

not wild-type connexin43, should show either symmetrical or mosaic expression
of nodal and lefty-1. Transgenic frogs expressing Ser364Pro mutant
connexin43 should show either symmetrical or mosaic expression of Xnr-1. Both
of these strains have been reported to show abnormalities of cardiac symmetry,
as would also have been predicted;
•

Dye transfer within the nodes of Ser364Pro mutant mice and frogs

should either occur across the midline, or should be markedly decreased on
the high-functioning side, but not the low-functioning side, of the node;
•

If dye transfer occurs across the midline in Ser364Pro mutant

mice, chimaeras between connexin43 knockout mice and Ser364Pro mutant
mice should rescue the Ser364Pro mutant phenotype, but only if the
connexin43 knockout occupies the low-functioning side of the node;
•

If dye transfer is markedly decreased in the node of Ser364Pro

mutant mice, chimaeras between wild-type and Ser364Pro mutant mice should
rescue the Ser364Pro mutant phenotype, but only if the wild-type occupies
the high-functioning side of the node.
This model does not explicitly address the question of the identity of
those signals which are presumed to pass through gap junctional channels.
Apart from common second messengers, such as calcium ions, prostaglandins
and cAMP, these could be ions (as in the Levin-Nascone electrodynamic
model); nutrients such as glucose (which could be relevant to the mechanism
of heterotaxia in hyperglycemic NOD mice); or specific morphogens (although
retinoic acid could pass through connexin43-sized channels, activiny Shh and
nodal are all too large). Since gap junctions are relatively nonspecific conduits
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for all these molecules, separating their effects, for experimental purposes, may
be formidably difficult. Identification of the critical molecules is ultimately
more likely to emerge from improved understanding of transcriptional
regulation within the laterality cascade, rather than from studies of gap
junctional communication per se.

5. Problems and Issues in the Interpretation of the Present
Study

a. Transgenic Studies. Several recent transgenic studies offer models
with which to dissect the specific role of connexin43 in development.
Noteworthy among these is the creation of connexin43 knock-out mice by
Reaume et al.235 Mice homozygous for the connexin43 knock-out mutation
invariably die at birth, and appear with reduced frequency in the litter,
suggesting that death in utero is frequent. Malformations associated with
homozygosity include pulmonic atresia and abnormalities of cardiac looping,
which may be analogous to the phenotype of the heterotaxia patients in the
present series, which includes pulmonic atresia or severe pulmonic stenosis,
along with cardiac isomerism and midline situs, which has been attributed to
abnormal cardiac looping. Heterozygotes reportedly show cardiac conduction
abnormahties, congruent with the finding of atrioventricular conduction block
seen in the patient series.

233 Reaume AG, de Sousa PA, Kulkarni S, LangiUe BL, Zhu D, Davies TC, Juneja SC, Kidder
GM, and Rossant J, 1995. Cardiac malformations in neonatal mice lacking connexin43.
Science 267:1831-4.
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Ewart et aL236 generated two variant strains of connexin43 transgenic
mice: a gain-of-function construct, wherein connexin43 was overexpressed by
the CMV promoter; and a loss-of-function construct, where a dominant-negative
fusion product of connexin43 and the lac z gene was introduced to disrupt
function of the endogenous connexin43 gap junctions. Surprisingly, both
transgenic lines had a similar phenotype, which included defects of laterality
and heart malformations. This could be explained by hypothesizing that the
critical role of connexin43 is to establish a communication compartment with a
pre-determined boundary demarcating the right and left sides. In this case,
either a gain of function (expression of connexin43 beyond the intended
boundary), or a loss of function (failure to express connexin43 throughout the
intended compartment), would result in a disruption of the communication
restriction boundary. If the purpose of the compartment were to separate right
and left-sided programs of expression, the result might well be seen as right
sided isomerism or left-sided isomerism (depending upon which program was
initially dominant), or as a hybrid or mosaic of the two. In this context, it may
be noted that the Ser364Pro mutation observed in five out of six of the
heterotaxia patients also represented both a gain of function (in cells stimulated
by protein kinase C), and a loss of function (in cells stimulated with cAMPdependent protein kinase).
Among unpublished studies. Levin et aL have constructed Xenopus
embryos expressing wild-type and Ser364Pro mutant human connexin43. They
report a 25% rate of heterotaxia in mutant embryos, as compared to a
236 Ewart JL, Cohen MF, Meyer RA, Huang GY, Wessels A, Gourdie RG, Chin AJ, Park SM,
Lazatin BO, Villabon S, and Lo CW, 1997. Heart and neural tube defects in transgenic mice
overexpressing the Cx43 gap junction gene. Development 124:1281-92.
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background rate (below 5%) in wild-type constructs (M Levin et aL,
submitted). Fletcher et al. have examined transgenic mice expressing the
Ser364Pro mutation. Preliminary results include a finding of hypoplastic left
heart syndrome in the mutant transgenics, which may be interpreted as a
disturbance of cardiac symmetry (WH Fletcher, personal communication).
Taken together, these transgenic studies provide evidence of a role for
connexin43 in the determination of laterality, both in the heart and elsewhere.
It should not be surprising that the transgenic phenotypes differ in detail from
the visceroatrial heterotaxia patients in the present series, since different
species are involved. As discussed earlier, although general mechanisms for
laterality determination appear to be conserved between species, expression
patterns of specific genes involved in this process can vary substantially. Thus,
while it may be hypothesized, for example, that connexin43 plays a role in
forming and maintaining a communication compartment while laterality is being
specified in Hensen's node or the mammalian organizer, the exact boundaries of
this compartment, and the time of its appearance, could be expected to vary
between species. Similarly, the linkage between nodal laterality and the
laterality of any given organ might in one species be strong and direct, and in
another weak and indirect. Such differences in context would be sufficient to
alter many details in the transgenic phenotype, even while preserving the basic
outline of the transgene's function.

b. Genetics. Since the publication of Britz-Cunningham et al. (1995), a
report has appeared, describing a female patient with a de novo balanced
translocation (6;18)(q2 l;q21.3), who presented with dextrocardia, inverted
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situs of the stomach and cecum, cerebral atrophy, and minor craniofacial
anomahes, including hypertelorism, ear-lobe grooves, prominent maxilla and
teeth, large mouth, and infraorbital skin furrows.237 The authors note that the
breakpoint on chromosome 6 is at or near the location of connexin43 at 6q21q23.2.238 It is therefore possible that this case is due to an alteration in the
connexin43 gene, due either to disruption of the gene by the breakpoint site,
or alternatively to alteration of its regulation, secondary to changes in
chromosomal configuration near to, although not within, the connexin43 gene.
While the phenotype of this patient differs significantly from that of the patients
in Britz-Cunningham et al.9 the genotype is, of course, quite different too, and
may well involve additional alterations of genes other than connexin43,
including the breakpoint on chromosome 18.
Apart from this possibly confirmatory study, several other reports have
appeared in the literature, which ostensibly fail to replicate the findings of
Britz-Cunningham et al. (1995) in other groups of heterotaxia
patients.239,240,241 To date, genetic material from 111 patients has been
screened for connexin43 mutations. Twenty-three of these subjects represented
independent familial cases, while the remaining 88 were sporadic. No missense

237 Kato R, Yamada Y, and Niikawa N, 1996. De novo balanced translocation (6;18)(q21;q21.3)
in a patient with heterotaxia. Am J Med Genet 66:184-6.
238Corcos IA? Meese EU, Loch-Caruso R, 1993. Human connexin43 gene locus, GJA1,
sublocalized to band 6q21-q23.2. Cytogenet Cell Genet 64:31-2.
239 Gebbia M, Towbin JA, and Casey B, 1996. Failure to detect connexin43 mutations in 38
cases of sporadic and familial heterotaxy. Circulation 94:1909-12.
240 Splitt MP, Tsai MY, Burn J, and Goosdhip JA, 1997. Absence of mutations in the regulatory
domain of the gap junction protein connexin43 in patients with visceroatrial heterotaxy.
Heart 77:369-70.
241 Debrus S, Tuffery S, Matsuoka R, Galal O, Sarda P, Sauer U, Bozio A, Tanman B, Toutain
A, Claustres M, Le Paslier D, and Bouvagnet P, 1997. Lack of evidence for connexin43 gene
mutations in human autosomal recessive lateralization defects. J Mol Cell Cardiol 29:1423-

31.
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or nonsense mutations were noted in the coding region of connexin43;
however, in the studies of Gebbia et al. and Debrus et al., single-base
insertions were noted in the proximal 3'-untranslated region, closely following
the stop codon. In view of the absence of coding-region mutations, one
investigator has proposed that the mutations reported by Britz-Cunningham et
aL were due to laboratory artifact, such as random PCR errors.242
The occurrence of random errors in PCR-amplified DNA has long been
recognized. The intrinsic error rate for Taq polymerase under the high-fidelity
conditions used in Britz-Cunningham et al. (1995) has been estimated as 10-5
errors per nucleotide per round of amplification. 243 Thus, it is improbable that
random PCR mutations would have been found in one or more of the six serine
residues in any random group of six patients among the original 31 patients
examined, but not among 18 non-heterotaxia patients or 2 5 controls.
Furthermore, re-screening of samples by hybridization with allele-specific
oligonucleotides (ASO) was employed in this study, specifically in order to
eliminate any contribution from random PCR errors (see Methods section).
Multiple genomic DNA extractions were carried out on each patient tissue
sample (for both heterotaxic and non-heterotaxic patients) and multiple PCR
amplifications were performed on each DNA isolate. Hybridization consistently
detected the specified mutations in heterotaxia patients, but failed to detect
them in non-heterotaxia patients and controls. Random Taq polymerase errors,
therefore, cannot account for the findings of this study.

242 Gebbia M, Towbin JA, and Casey B, 1998. Editorial correspondence. Circulation.
243 Eckert KA and Kunkel TA, 1990. Nucl. Acids Res. 18:3739.
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Cross-contamination of amplification reactions is another problem
frequently noted with PCR techniques, as very few particles from a previous
PCR reaction are needed for efficient re-amplification, and these may be found
as aerosols or surface contaminants wherever PCR products are handled. This
factor might be alleged to account for the sharing of the Ser364Pro mutation
among five out of six patients. However, the present study incorporated
multiple precautions to minimize cross-contamination. In particular, extraction
of genomic DNA from tissue, and the set-up of PCR reactions, were carried out
on a different floor from the PCR reactions themselves, and the subsequent
handling of PCR products. Given these precautions, it is unlikely that cross
contamination by the Ser364Pro product could have affected five out of six
heterotaxia patients, but none of the non-heterotaxia patients and controls,
which were frequently carried out in simultaneous batches with amplifications
of DNA from heterotaxia patients. Nor could cross-contamination account for
the initial appearance of each of the five separate mutations; nor for the
simultaneous presence of the Glu352 and 326Thr mutations on the same DNA
strand in patient A27, but of Glu352 alone in patient A13; nor the consistency
of the ASO hybridization results from multiple PCR amplifications carried out
on multiple DNA samples. If cross-contamination were present, the most likely
contaminant would have been the wild-type sequence, which was present in
much greater abundance than the Ser364Pro mutation. Furthermore, many
amplifications occurred after site-directed mutagenesis had been performed in
the same laboratory, using a PCR-based method (after Higuchi), to generate a
set of 14 sequences with permuted single and multiple mutations within the

208
terminal serine-box region of connexin43; yet none of these mutagenized
sequences was ever identified in patient or control amplification products.
Alternatively, the study results could be attributed to experimenter
bias, either in the reading of DNA sequences or the interpretation of ASO
hybridization results. However, the mutations in patients A13, A16 and A54
(Ser364Pro, Glu352Gly and Ser365Asn) were all initially identified under
blinded conditions. Furthermore, a Ser373Gly mutation, identical to that noted
in patient A30, was later found in a seventh heterotaxia patient (96MS1419),
by a different investigator in the same laboratory, who again was blinded as to
the true diagnosis of the patient (WH Fletcher, personal communication). It
should also be noted that the clinico-pathological descriptions of all patients
evaluated were taken from autopsy or surgical pathology reports, and from
electrocardiographic records, which were made by clinicians blinded as to the
results of the study.
These considerations should suffice to show that it is unlikely that the
mutations reported in Britz-Cunningham et al. were due to random PCR error,
cross-contamination during PCR, or to experimenter bias. Careful examination
of the three dissenting studies, however, shows that none of them are
comparable to that of Britz-Cunningham et al. (1995), for two main reasons.
First, the patient population screened differed significantly. As noted by BritzCunningham et al. (1995), the diagnosis of heterotaxia comprises a broad
spectrum of abnormalities, ranging from subclinical anatomic variations to
severe multi-system malformations, incompatible with life. Furthermore, even
used in a strict, morphological sense, the term "heterotaxia" or "situs ambiguus"
has conventionally been used to denote both isomerism (mirror-image
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conformation, implying a global failure to specify the left-right axis) and
discordant situs (independent left-right orientation of organs, which are
otherwise anatomically normal or nearly normal). Most of the cases examined in
the dissenting studies appear to involve less severe abnormalities of the
discordant-situs type (where they have been morphologically characterized at
all), in a generally older group of patients. On the other hand, the patients
described in Britz-Cunningham et al. (1995) appeared to represent a severely
affected subtype, with striking anatomical homogeneity (as acknowledged and
correctly described by Debrus et al. (see “Comparison to Patients Reported in
this Study” above). The previous discussion has shown evidence for the
potential involvement of connexind 3 (1) in laterality specification, mediated via
Hensen’s node or an analogous tissue; (2) in conotruncal development,
mediated via migrating neural crest elements; and (3) in conduction of the
cardiac contractile impulse in mature cardiomyocytes. Consequently, the
concurrence of cardiopulmonary isomerism, double-outlet right ventricle, and
cardiac conduction abnormalities may identify a specific malformation sequence,
with connexin43 abnormalities as a primary unifying factor. None of the 111
patients screened in the dissenting studies have been shown to have this
phenotype. Double-outlet right ventricle (DORY), for example, is described
only in the study of Debrus et al. Here only one case of DORY and splenic
abnormality is noted (patient M); this patient was not screened for mutations,
although a sibling was. A second patient, with DORY and abdominal situs
ambiguus (patient Q), was shown to have a single-base insertion at position
1308, immediately following the stop codon. Again, only a single case of
atrioventricular conduction abnormality is described among these 111 patients.
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in the study of Debrus et al.; this patient (patient V) had abdominal situs
inversus and asplenia, but no cardiopulmonary malformations. Isomerism is
noted only in the study of Splitt et al.y although it is unclear whether this
refers to bronchopulmonary or atrial isomerism. Furthermore, Splitt et al.
indicate that “several” of their 48 patients were severely enough affected to
have been considered for cardiac transplantation, implying that the
overwhelming majority were not. Thus, it is apparent that few, if any of the
patients screened in these studies are likely to match the phenotype described
in Britz-Cunningham et al. (1995), and that none have been shown to do so.
Second, all of the dissenting studies are based on the analysis of DNA
extracted from blood samples or cultures of peripheral blood leukocytes. None
of these studies replicated the methods of Britz-Cunningham et al. (1995),
which used DNA extracted from heart tissue. While screening of blood DNA is
an appropriate method for tracing inherited genetic defects, it has not been
shown to be sensitive for detecting genetic abnormahties in sporadic
malformations. An undefined, and potentially large, subset of these cases may
be due to mosaicism, secondary to somatic-level mutations occurring early in
development. This possibility was suggested by Splitt et al. Mosaicism has been
demonstrated in many chromosomal abnormalities, where it is relatively easily
detected by fluorescent in situ hybridization (FISH) analysis. It is present, of
course, in all neoplasms. Cutaneous disorders often show restricted
distributions, with stripe-like boundaries following the so-called lines of
Blaschko. These lines appear to represent embryonic clonal distributions.

211
distinct from dermatomes or vascular, neural or lymphatic distributions.244 A
rapidly evolving literature has implicated single-gene somatic mutations in
numerous disorders, including neurofibromatosis Types I and II,245
pseudoachondroplasia, 246 myotonic dystrophy,247 Duchenne muscular
dystrophy, Fanconi’s anemia,248 and epidermal nevus syndrome.249 Some
disorders, such as McCune-Albright syndrome 250 and osteogenesis imperfecta

Type II,251 are invariably lethal in utero, and are only encountered clinically
in their mosaic form. The connexin43 knock-out study of Reaume et al.
suggests that connexin43-linked visceroatrial heterotaxia may be a lethal
disorder of this type. One reviewer suggests that somatic mutation may account
for many of the “vast array of ill-defined genetic syndromes [that] have been
described which have been attributed to recessive inheritance solely because
there had been observed recurrence of a second affected child to parents who
are themselves phenotypically normal”.252
244 Blaschko A, 1901. Die Nervenverteilung in der Haul in ihrer Beziehung zu den
Erkrankungen der Haut. In: Neisser A, ed. Verhandlungend der Deutschen
Dermatologischen Gesellschaft: siebenter Congress. Vienna: Wilhelm Braunmuller.
245 Jacoby LB, Jones D, David K, Kronn D, Short MP, Gusella J, and MacCollin M, 1997. Am J
Hum Genet 61:1293-1302.
246 Ferguson HL, Deere M, Evans R, Rotta J, Hall JG, and Hecht JT, 1997. Am J Med Genet
70:287-91.
247 Monckton DG, Coolbaugh MI, Ashizawa KT, Siciliano MJ, and Caskey CT, 1997.
Hypermutable myotonic dystrophy CTG repeats in transgenic mice. Nat Genet 15:193-96.
248 LoTenFoe JR, Kwee ML, Rooimans MA, Oostra AB, Veerman AJ, van Weel M, Pauli RM,
Shahidi NT, Dokal I, Roberts I, Altay C, Gluckman E, Gikbson RA, Mathew CG, Arwert F,
and Joenje H, 1991. Somatic mosaicism in Fanconi anemia: molecular basis and clinical
significance. Eur J Hum Genet 5:137-48.
249 Gurecki PJ, Holden KR, Sahn EE, Dyer DS, Cure JK, 1996. Development neural
abnormalities and seizures in epidermal nevus syndrome. Dev Med Child Neurol 38:7 16-23.
250 Ringel MD, Schwindinger WF, and Levine MA, 1996. Clinical implications of genetic defects
in G proteins. The molecular basis of McCune-Albright syndrome and Albright hereditary
osteodystrophy. Medicine 75:171-84.
251 Byers PH, Tsipouras P, Bonadio JF, Starman BJ, and Schwartz RC, 1988. Perinatal lethal
osteogenesis imperfecta (OI type II): a biochemically heterogeneous disorder usually due to
new mutations in the genes for type I collagen. Am J Hum Genet 42:237-48.
252 Hall JG, 1988. Somatic masaicism: observations related to clinical genetics. Am J Hum
Genet 43:355-63.
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c. Genetics of Patients in This Series. Britz-Cunningham ef aL (1995)
failed to establish the pattern of inheritance of the mutations observed among
the six patients in the series. Two distinct connexin43 mutations were identified
in the coding sequence of four patients; in the remaining two patients, a
Ser364Pro mutation was paired with a single-base insertion in a well-conserved
portion of the 3' untranslated region. All six patients may thus be described as
compound heterozygotes. Consanguinity was not evident in any of the parents
of these patients, nor were any of the parents of these patients known to be
afflicted with heart disease or laterality defects. In the case of patient A16
(Ser364Pro and Glu352Gly), a stillborn sibling was reported to have died of a
"similar" heart disease (the sex of this sibling was not identified). DNA from
blood samples was screened for mutations in parents of two patients, A54
(Ser364Pro) and A13 (Ser364Pro and Ser365Asn). The father of patient A54
had an A-to-G substitution which altered the stop codon to a tryptophan
codon; the mother showed no coding region mutations. The father of patient
A13 had Ser369Cys and Ser372Arg mutations; the mother had a 365SerGly
mutation. Thus, although connexin43 mutations were present in three out of
four parents of these two patients, there is a striking lack of concordance
between the mutations seen in parental blood and cardiac tissue from the
affected children. That these findings were due to random PCR errors is
unlikely, since all mutations were confirmed by denaturing gradient gel
electrophoresis of genomic DNA. Furthermore, no coding-region mutations
were seen in more than 50 samples of blood from random controls, which have
been analyzed up to the present time. It is also improbable that PCR errors
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would affect only serines clustered in a small region near one end of the
amplified sequence.
Taken together, the finding of multiple genetic or phenotypic
abnormahties in the families of patients A16, A13, and A54 suggests the
existence of a familial disorder, associated with variable mutations in the
terminal portion of the coding region of the connexin43 gene. Given present
evidence, the origin of these mutations is problematical. It could be
hypothesized that these mutations are the effects of an underlying
hyper mutability in the connexin43 gene, due to a heritable genetic defect
elsewhere, possibly in non-coding regions of connexin43 itself, which were not
examined in Britz-Cunningham et al. (1995). A similar pattern of familial
mosaicism has been described in a subset of neurofibromatosis type 2.253
Further analysis of samples from other family members of other heterotaxia
patients needs to be carried out, in order to evaluate this hypothesis. Other
proposed investigations are discussed in more detail below, under “Mutations
in the 3 ’ Untranslated Region”.

d. Mutations in the 3* Untranslated Region. In addition to the coding
region mutations reported in Britz-Cunningham et aL (1995), mutations in the
closely adjoining 3’-untranslated region have been observed, not only by BritzCunningham et ah, but also by Gebbia et al. and Debrus et al. All three of
these groups have noted a single-base insertion within 10 bases of the stop
codon. Debrus et al. report an A-insertion at position 1308, two bases distal to
233 Jacoby LB, Jones D, Davis K, Kronn D, Short MP, Gusella J, and MacCollin M, 1997.
Molecular analysis of the NF2 tumor-suppressor gene in schwannomatosis. Am J Hum Genet
61:1293-1302.
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the stop codon, in a patient with situs ambiguus and double-outlet right
ventricle. In the present series, an A-insertion at position 1317 was noted in
patients A39 and A54, as well as in the mother of patient A54. An identical
mutation was noted by Gebbia et al. in a patient with heterotaxia (B Casey,
unpublished results). In addition, an A-to-G substitution at position 1346 has
been noted in six out of seven heterotaxia patients in the present expanded
series, and in parents of two of these patients. At least two out of 50 normal
controls show an A-insertion at position 1317, suggesting that this may be an
uncommon, although not a rare polymorphism. No controls have shown the
mutation at position 1346. Among 50 non-heterotaxic cardiac transplant
patients, the A-insertion at position 1317 was found in a single case, patient
A18, who is presumed to be a non-heterotaxia patient, although the pathology
report for this patient does not establish a diagnosis. None of these patients
have shown the mutation at position 1346.
The proximal 3' UTR of connexin43 is unusual, in that a region of
approximately 300 bp shows significant inter-species sequence conservation. In
contrast, 3' UTR sequences of most vertebrate genes tend to show random
divergence beginning immediately after the stop codon. This suggests that the
3' UTR of connexin43 may contain important regulatory sequences, or
alternatively, that sequences downstream of the stop codon are expressed
under certain circumstances, possibly after alternative splicing of RNA
transcripts. Although alternative splicing of connexin43 has not been reported
in the literature, it cannot be ruled out that, under certain conditions, such as
in early embryonic development, some form of alternative processing does
occur.
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Although the initial reaction of each laboratory was to ignore the 3' UTR
mutations as being insignificant, their occurrence in multiple independent
studies indicates that they are not artifactual. Their rarity in non-heterotaxic
specimens suggests that they are not simply insignificant polymorphisms. Their
association with heterotaxia patients indicates that they may indeed be involved
in the etiology of heterotaxia, or, at the very least, are further evidence of a
tendency toward hypermutability around the distal portion of the connexin43
gene. It is therefore imperative that some future effort be directed toward the
analysis of the occurrence and effects (if any) of these mutations.
Four operating hypotheses may be proposed. The first is the null
hypothesis - i.e., that the insertion is a simple polymorphism, and that its
observation in the heterotaxia patients was due to random coincidence. This
hypothesis can be evaluated simply by screening more controls. Using ASO
hybridization or direct sequencing of PCR-amplified DNA, several hundred
blood samples from a clinical laboratory could be screened with a reasonable
amount of effort. This would establish an estimate of frequency for any
polymorphism present in 1% or more of the population.
A second hypothesis is that some of the proximal 3' UTR sequences of
connexin43 are expressed in early development, possibly due to alternative
splicing. To test this, of lysates of microdissected structures, such as Hensen’s
node or notochord, could be subjected to reverse-transcriptase-polymerase
chain reaction (RT-PCR) analysis, using a set of primers designed to amplify a
set of segments of cDNA spanning the distal coding region and 3’ UTR.
Alternative splicing, if present, would give rise to size polymorphisms in one or
more of these amplification products, compared to normally spliced cDNA.
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A third hypothesis is that the 3' UTR of connexin43 is a regulatory
domain, and that the mutations somehow disrupt normal patterns of regulation.
This might be evident as changes in the transcription rate or stability of
connexin43 mRNA, or in the levels of its protein product. Transfected cell
lines, expressing either wild-type or mutant connexin43, could be compared
using Northern and Western blotting, to examine expression levels; and
nuclear run-off assays could be used to estimate relative transcription rates.
The presence of altered secondary structure of RNA transcripts could be
demonstrated by differences in mobility in non-denaturing electrophoresis gels.
Alterations in binding sites for regulatory proteins could be detected by
mobility differences after allowing RNA transcripts to bind proteins from cell
lysates.
A fourth hypothesis is that the mutation in the 3' UTR creates a "hot
spot" which increases the probability of additional mutations or transcriptional
errors in nearby segments of the gene, including the region coding for the distal
carboxyl tail. In this case, the mutation in the 3' UTR might itself be clinically
"silent", but might act by inducing additional mutations (either somatic or at the
germ-line level), which would have pathogenic effects. The clinical picture,
then, would be of a familial disease of variable penetrance and expressivity,
possibly with a very pleiomorphic phenotype, and possibly increasing in
severity over generations (due to the accumulation of germ-line mutations).
There are several possible mechanisms by which a 31 UTR insertion could
constitute such a "hot spot". First, it could alter the conformation of the DNA
strands as they separated transiently during replication, thereby causing a
pause during polymerization, analogous to that seen in sequencing "stop"
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artifacts, and resulting in misincorporation of incorrect nucleotides. Second, it
could alter binding sites for replication-related proteins, loosening their
association with the DNA strand. Third, it could create binding sites for
cellular proteins, which could hinder DNA polymerase by blocking its passage
through this site. And fourth, it could create new sites for cellular DNases, or
fragile sites due to altered binding of chromatin-related proteins, which in turn
could lead to single-stranded breaks, and occasional misincorporation of bases
during repair of these breaks.
Evaluation of the fourth hypothesis should begin by tracing the 3' UTR
mutation in the families of the three patients in the present series. A detailed
clinical history and allelic sequencing analysis of connexin43 (including
extensive portions of the 3' UTR, as well as the sequence coding for the
carboxyl tail) should be obtained for each family member carrying the 3' UTR
mutation. Insofar as possible, families from the studies of Gebbia et al., Splitt et
ah, and Debrus et al. should be included in this evaluation. The hypothesis
would predict that affected family members would show an increased rate of
mutation in this region of connexin43, although the specific sites might vary,
even among individuals from the same family, and even among tissue samples
taken from different sites in the same individual. As a second line of
investigation, whenever any patient identified as having the 3' UTR mutation
should happen to come to autopsy, DNA should be extracted from multiple
tissue samples, including tissues with a constitutively high mitotic rate, such as
bone marrow and gut epitheHum. PGR products from these samples should
then be subjected to single-stranded conformation polymorphism (SSCP)
analysis, and evaluated for any evidence of genetic heterogeneity (e.g., extra
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bands, or smearing of bands). Where SSCP abnormalities are noted, the PCR
products should be cloned and sequenced exhaustively, using the allelic
sequencing method. The hypothesis would predict an increased incidence of
somatic-level mutations in tissues with a constitutively high mitotic rate, as
compared to mitotically inactive tissues, such as heart, with the incidence in
both tissue types being greater than in genetically normal controls. Finally, cell
lines transfected with wild-type connexin43, and with connexin43 bearing the
3' UTR mutation, should be cultured indefinitely, to a very high pass number;
these should then be subjected to SSCP analysis and sequencing, as described.
The findings would be expected essentially to replicate those seen at autopsy,
with an increased number of mutations in the cells with the 3' UTR insertion;
however, the more controlled experimental conditions in the in vitro study
would better strengthen the conclusion that any observed mutations were
related to the 3' UTR.
It may be noted that, if the 3' UTR mutation is in fact etiologically
related to the presence of heterotaxia in these patients, the significance of this
finding potentially extends well beyond that of visceroatrial heterotaxia, or
even of connexin43. The insertion site in the 3' UTR does not resemble any
known regulatory or splicing sequence, and may well involve a novel
regulatory element or pathogenetic mechanism. If somatic hypermutation, in
particular, were found to be responsible for some of these connexin43-related
heterotaxia cases, then it would presumably be operative in other syndromes
related to other genes. To demonstrate this, would significantly clarify the
contribution of non-mendelian inheritance in the pathogenesis of developmental
disease.
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e. The Role of Phosphorylation. Since most of the mutations identified
in the present series of heterotaxia patients involve potentially
phosphorylatable residues, it is imperative to examine whether any of these
sites are indeed substrates for protein kinases known to be active in the
connexin43 environment. As noted above (see Background), Shah et al. have
carried out phosphoaminoacid sequencing of peptides corresponding to the
serine box region, which had been subjected to in vitro phosphophorylation by
cAMP-dependent protein kinase, to show that nearly all of the phosphate was
incorporated at Ser364 and Ser365, indicating that Ser364 could indeed
function as a consensus site for this enzyme.254 In further work,
phosphorylation of full-length recombinant connexin43 by cAMP-dependent
protein kinase has shown much more rapid kinetics, suggesting that the cAMPdependent protein kinase is as efficient at recognizing secondary and tertiary
structure as in recognizing primary amino acid sequence. In 3-hour metabolic
labeling experiments, cells transfected with Ser364Pro mutant connexin43
showed 5- to 10-fold less incorporation of 32P-orthophosphate than did cells
transfected with wild-type connexin43.
While this evidence indicates that Ser364 is a plausible site for
phosphorylation by cAMP-dependent kinase, the function of the remaining
serine residues in the terminal carboxyl tail of connexin43 is as yet unclear.
Are they secondary sites for phosphorylation by protein kinase A, or are they
specific substrates for other protein kinases? Is phosphorylation of a "kingpin"
site at Ser364 (or elsewhere) required for secondary phosphorylation of other
sites? In order to answer these questions, a set of systematically mutagenized
254Shah MM, and Fletcher WH, unpublished results.
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connexin43 expression vectors has been prepared, using a two-step
recombinant PCR method, as introduced by Higuchi255 (see Materials and
Methods). Constructs were prepared representing every permutation of single
or multiple mutagenesis of the even-numbered serines 364, 368 and 372 (i.e.,
three single, three double and one triple mutant) and the odd-numbered
serines 365, 369, and 373, as well as a deletion of the entire serine-rich
sequence. These were then introduced into communication-deficient SKHepl
cells by electroporation, and pure cultures of transfectants were obtained by
multiple passages in selective medium, as described above. These cell lines are
now available for dye-transfer experiments, as described in Britz-Cunningham
et al. (1995), or for metabolic labelling studies. The goal of these studies will
be to correlate patterns of regulation of cell-cell communication by protein
kinases with the stoichiometry of connexin43 phosphorylation, in order to
determine whether connexin43 phosphorylation is hierarchical — that is,
whether phosphorylation of some “kingpin” site directs the pattern of
phosphorylation of other serine residues by cAMP-dependent protein kinase or
protein kinase C. In such a case, a non-phosphorylatable substitution at that
site will alter the stoichiometry and pattern of connexin43 phosphorylation, and
will conceivably modify the conformation of the phosphoprotein and its
permeability to dye transfer as well.
Since even communication-deficient cell lines generally show low levels
of endogenous connexin43 expression on Northern and Western blots, all of
the cell lines expressing connexin43 mutants have been co-transfected with
pMANT43, a plasmid vector expressing an antisense sequence complementary
2 ^ ^Higuchi, in PCR Protocols.
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to a 176 bp segment of connexin43 exon 1, located just upstream of the splice
site (see Materials and Methods). Expression of this sequence in SKHepl or
L929 cells reduced endogenous connexin43 expression to undetectable levels,
and reduced background levels of dye transfer to less than 3% (data not
shown). Since the antisense sequence is not complementary to any portion of
the expression plasmids transcribing mutagenized connexin43, it should not
interfere with the expression of these constructs in co-transfected cell lines.
Although present evidence suggests that connexin43 phosphorylation
may be required during laterality determination, the protein kinases active in
the organizing node and surrounding mesoderm are as yet unidentified.
Furthermore, if cAMP-dependent protein kinase plays a role, how is it
activated? Beta-adrenergic receptors, for example, are very sparsely expressed
or undetectable in the early embryo. It is possible, however, that connexin43mediated cell-cell communication is itself linked to activation of cAMPdependent protein kinase, in a feed-forward mechanism. Thus, if cAMP were
generated at a restricted site, such as a zone of cellular contact with a
specialized extracellular matrix, then activation of cAMP-dependent protein
kinase could open connexin43 channels, allowing surplus cAMP to diffuse
through the channels and activate the kinase in the neighboring layer of cells.
This, in turn, would open more channels, and permit another round of
diffusion and activation in yet another cell layer. Ultimately, all adjoining cells
expressing both connexin43 and cAMP-dependent protein kinase would be
united in a fully communicating compartment. On the very small scale of the
early embryo, such diffusion-based sharing of second messengers might at times
substitute for hormonal signalling systems, which demand complex coordination
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of expression of proteins for hormone synthesis, storage and release, as well as
receptors, G proteins and effectors, such as adenylate cyclase.
An approach to these questions could begin by using immunocytochemistry and in situ hybridization with rihoprobes to determine whether betaadrenergic receptors or some isoform of cAMP-dependent protein kinase are
expressed in or around Hensen's node at the critical time for laterality
specification. If cAMP-dependent protein kinase is present, dye transfer
experiments in the chick node could be carried out by microinjection, first after
bathing explanted nodal cells in physiological (i.e., nanomolar) concentrations
of epinephrine (to determine whether there is any receptor-mediated protein
kinase activity), and then while co-injecting 8-bromo-cAMP along with the
fluorescent dye. If direct diffusion of second messengers does constitute a
significant feed-forward mechanism, then co-injected cells should show an
increased rate of secondary and tertiary dye transfer (i.e., dye transfer to cells
beyond their immediate neighbors), compared to cells injected with fluorescent
dye alone.
Although the alterations in cell-cell communication which accompany
protein kinase activation suggest that specific phosphorylation patterns may
regulate the gating of connexin43 channels, Britz-Cunningham et al. (1995)
have not shown how this could come about. Presumably, phosphorylation
alters the conformation of the gap junction proteins. But how? Definitive
evidence would require high-resolution X-ray diffraction data for connexin43
crystallized in its native conformation in each possible phosphorylation state —
at present, a technically unfeasible requirement. However, a clue may be
apparent in the primary amino acid sequence of the cytoplasmic loop domain.
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where the sequence 102[Lys-X-X-Lys-X-X-Lys-Lys] 109 is conserved among all
known connexin43 sequences (with occasional conservative substitutions of
arginine for lysine). Simple steric modeling shows that, if this domain and the
serine box domain in the cytoplasmic tail are both in alpha-helical
conformations, then the three positively charged lysines are correctly spaced to
interact with three negatively charged phosphoserines in the tail (data not
shown). This serine set could consist of either the three even-numbered serines
(364, 368, 372) or the three odd-numbered serines (365, 369, 373); however.
switching from one set to the other would require twisting the axis of the tail
segment 100° in relation to the loop segment. The resulting strain could
conceivably be transmitted to the remainder of the bulky cytoplasmic tail
domain, swinging it from an outlying position to a central position which blocks
the inlet to the gap junction channel.
If this hypothesis is correct, then deletion or substitution of non-charged
residues for the loop lysines should either result in non-functional channels, or
disrupt normal patterns of regulation of cell-cell communication by protein
kinases. In particular, substitution of all three lysines by glutamic or aspartic
acid should have this effect, since the negatively charged carboxylate side
groups would repel any interaction with phosphoserines in the tail. Inasmuch
as glutamate, like lysine, is strongly polar, the loop conformation might still
approximate that of the wild-type protein. In that case, substitution of either
the even-numbered or odd-numbered sets of serines in the tail with lysines
would potentially restore the loop-tail interaction found in the wild-type
protein, with the significant difference that the protein would be locked into
either the open or closed conformation, and could not be regulated by protein
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kinase phosphorylation (those serines not mutagenized to lysine in each
construct would need to be replaced by non-phosphorylatable residues, such
as alanine or methionine).

f. Lethality of Mutations. It is potentially a significant observation that,
despite cardiac transplantation in five cases, all of the heterotaxia patients in
the present study — and including the seventh patient found after the
publication of Britz-Cunningham et ah (1995) — have died. The success rate
of orthotopic cardiac transplantation at Loma Linda University Medical Center
is approximately 80% at two years post-surgery. 256 By this criterion, four of
the seven patients should still be living. An average life expectancy of 38 days
has been reported for asplenia syndrome, 257 an outcome which has been
partially attributed to sepsis, secondary to the condition of asplenia per se.
However, sepsis has also been reported as a cause of death in polysplenia
syndrome, where the absence of a spleen is not a factor. In fact, the prognosis
for polysplenia syndrome is also quite dismal (5 0 % mortality at four months),

258

even though cardiac defects are typically milder than in asplenia syndrome. At
first, the causes of death in the patients of the present series appear to be
diverse: sepsis (2 cases), lymphoma (1 case), and transplant rejection (2 cases),
with cardiac failure in one non-transplanted case. However, excluding the
single case of cardiac failure, it could be hypothesized that some as yet
unidentified abnormality of immunologic regulation could be a common

2^^Bailey LL, J. Am. Med. Assoc. 1995.
257Majeski JA, and Upshur JK, 1978. Asplenia syndrome. A study of congenital anomalies in 16
cases. J. Am. Med. Assoc. 240(14): 1508-10.
258peoples WM, Moller JH, and Edwards JE, 1983. Polysplenia: a review of 146 cases. Pediatr.
Cardiol. 4(2): 129-37.

225
denominator in all of these deaths. Connexin43 has been shown to be
expressed in some immunologically active cells, such as macrophages,
however, its role in this context is as yet unknown.
These considerations indicate that a retrospective epidemiological study
of asplenia and polysplenia syndromes is warranted, with careful examination
of all factors potentially related to the cause of death. The study group should
include patients with cardiac and bronchopulmonary isomerism, conotruncal
malformations, splenic abnormahties, and disturbances of abdominal situs, as
confirmed by autopsy or radiologic imaging. Control groups could include
(a) non-heterotaxia patients with severe cardiac defects, such as atrio
ventricular canal or tetralogy of Fallot, and (b) non-heterotaxia patients with
functional splenic abnormahties, due to such causes as trauma, primary
splenic agenesis, surgical intervention, or sickle cell anemia, but no cardiac
defects. It could be hypothesized that excess deaths would be noted in the
asplenia/polysplenia group, which could not be accounted for by splenic or
cardiac abnormahties alone.

6. Gonclusions

The original hypothesis of this study predicted that "a mutation in the
regulatory domain of connexin43 which results in the loss or gain of cAMPdependent protein kinase or protein kinase C consensus phosphorylation sites
will lead to an imbalance of regulation, tipping junctions toward a
predominantly open or closed state. This imbalance will result in either:
cardiac arrhythmias, structural malformations of the heart, or both." The
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results described above, and in Britz-Cunningham et al. (1995), do tend to
confirm the hypothesis, inasmuch as mutations in phosphorylatable residues in
connexin43 have been shown to be associated with abnormalities in the
specification of embryonic and cardiac laterality, combined with defects in
conotruncal development in the heart, and with atrioventricular conduction
block or delayed atrioventricular conduction. These findings are corroborated
by the occurrence of more or less similar defects in conotruncal development,
cardiac looping, and cardiac conduction in connexin43 knockout mice, and of
laterality disturbances in over- and underexpressing connexin43 mutant
transgenic mice, as well as in murine and amphibian transgenics expressing the
Ser364Pro mutation found most commonly in the patients described by BritzCunningham et al. (1995). Furthermore, the asymmetric localization of
connexin43 expression in chick Hensen’s node at the critical period of
laterality determination, and the observation of strong expression of connexin43
in neural crest tissue at the critical period of conotruncal development, give
plausibility to its proposed roles in these two processes.
However, several important questions were not resolved by BritzCunningham et aL, and need to be addressed in future studies:
First, the genetic basis for the observed mutations in heterotaxia patients
is still unclear. Three studies have failed to identify germ-line mutations in the
coding region of connexin43 in heterotaxia patients. Parents of two patients
from the present series show coding region mutations different from those of
their offspring. While these findings could be consistent with a hypothesis that
a non-mendelian mechanism may be operative in some of these patients (e.g.,
hypermutability of the distal connexin43 gene, leading to somatic mutations and
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mosaicism), additional investigation is clearly needed if this interpretation is to
be maintained.
Second, the use of cardiac tissue raises the possibility that, in mosaics
where predominantly non-cardiac tissues are affected, other connexin43
mutations may have been missed. Furthermore, since only the carboxyl tail
domain was sequenced, mutations at other sites in connexin43 would also have
been missed. While these considerations extend beyond the scope of the
original hypothesis, the evidence of a crucial role for the terminal serine-rich
domain now makes possible hypotheses directing the investigation of other sites,
such as the loop lysines, and of other organs, which may be investigated using
a combined approach of site-directed mutagenesis and analysis of transgenic
mice.
Third, despite the compartmental model introduced above, the
mechanism by which connexin43 phosphorylation affects the specification of
laterality has yet to be demonstrated. How phosphorylation of the cormexin43
carboxyl tail alters channel gating is still to be explained. Little is known about
the expression of protein kinases in Hensen's node at the time of laterality
determination, and of the stimuli that activate those protein kinases. The
putative morphogens that pass through the channels have not been identified.
Clearly, much work lies ahead. As the preceding discussion attests, the
biological context of connexin43 is presently in a very rapid state of
development. The diversity of the topics invoked, involving issues at the
forefront of cellular biochemistry and developmental biology, shows how far
knowledge of this fascinating protein has advanced, in barely more than ten
years since it was first characterized and cloned.

APPENDIX

CLINICO-PATHOLOGICAL DESCRIPTIONS

Patient A13. Mutations: Ser364Pro/Ser365Asn. This 6-year-old female
underwent orthotopic cardiac transplantation, subsequent to repair procedures
for a ventricular septal defect, subaortic stenosis (including aortic valve
replacement), and a pseudoaneurysm of the morphological right ventricle.
Other cardiovascular anomalies included dextrocardia, left atrial isomerism,
double-outlet right ventricle, left-sided inferior vena cava and aorta, and
severe arrhythmia requiring pacemaker placement prior to transplantation. A
right-sided stomach was present, as was a transverse liver and an abnormal,
deeply cleft spleen. The bronchi were symmetrical and left-sided in
morphology. Diagnosis: polysplenia syndrome.

Patient A16. Mutations: Ser364Pro/Glu352Gly. This 8-year-old male
underwent orthotopic cardiac transplantation, subsequent to a right modified
Blalock-Taussig shunt at age 18 months. Cardiovascular malformations
included right atrial isomerism, transposition of the great arteries, tricuspid and
pulmonary valvular atresia, a common atrium, origin of the aorta and
pulmonary artery remnants from a hypoplastic right ventricle, and a functional
single ventricle of left ventricular type, with two ventricular septal defects and
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no direct arterial connection. The circumflex and anterior descending coronary
arteries had separate origins from the aorta. Atrioventricular conduction block
and ventricular delay were noted on EGG. The spleen was absent, and the
stomach was right-sided. The bronchi were symmetrical and right-sided in
morphology. Diagnosis: asplenia (Ivemark's) syndrome.

Patient A27. Mutations: Glu353Gly/Thr326Ala. This 5-year-old male
was referred for transplantation subsequent to earher repair of tetralogy of
Fallot, but died of multisystem organ failure before the procedure could be
initiated. Cardiovascular abnormahties included right atrial isomerism, double
outlet right ventricle, pulmonary stenosis with subpulmonic obstruction, left
ventricular hypoplasia, perimembranous ventricular septal defect, persistent
left superior vena cava, and a single coronary artery ostium. A history of
severe left ventricular arrhythmia was reported; the EGG on admission showed
a first-degree atrioventricular conduction block. Intestinal malrotation was
present, with colon located entirely on the right side. A small, single, left-sided
spleen was present. Diagnosis: visceroatrial heterotaxia, indeterminate type.

Patient A30. Mutations: Ser364Pro/Ser373Gly. This 17-day-old female
infant had complex congenital heart disease, which included left atrial
isomerism, ventricular septal defect, pulmonary stenosis with double outlet
right ventricle (severe tetraology of Fallot), origin of left main pulmonary artery
from the ductus arteriosus, aberrant coronary sinus, and azygos continuation of
the interior vena cava. A right-sided stomach was present, with three right-
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sided spleens. The bronchi were symmetrical and left-sided in morphology. (See
Figure 1.) Diagnosis: polysplenia syndrome.

Patient A3 9. Mutation: Ser364Pro. This 18-month-old male underwent
autopsy, subsequent to orthotopic cardiac transplantation at age 11 months.
Cardiovascular abnormalities included: double-outlet right ventricle with
transposition of the great arteries, pulmonary atresia, unbalanced AV canal
(right ventricular type), severe left ventricular hypoplasia resulting in a status
of functional single ventricle, and two large atrial septal defects. A conduction
delay was present on ECG. A transverse liver and midline gallbladder were
present. The spleen was absent. Although atrial isomerism could not be
determined, bronchi were symmetrical and right-sided in morphology.
Diagnosis: asplenia (Ivemark's) syndrome.

Patient A54. Mutation: Ser364Pro. This 11-month-old female
underwent orthotopic cardiac transplantation because of cardiovascular
malformations which included pulmonary atresia, common atrium, ventricular
septal defect with a straddling mitral valve, severe left ventricular hypoplasia
resulting in a status of functional single ventricle, origin of the aorta and
pulmonary artery remnants from the right ventricle, total anomalous pulmonary
venous return (infracardiac type), and entry of hepatic veins into the left
atrium. A transverse liver was present, as was a midline or right-sided stomach.
The spleen was absent. Right atrial isomerism was suspected, but could not be
determined due to incompleteness of the explant. The bronchi were
symmetrical and right-sided in morphology. Small accessory nipples were noted.
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which were larger on the right. Coarse facies were present, with incomplete
folding of the left auricular helix. Motor development was moderately retarded.
Diagnosis: asplenia (Ivemark's) syndrome.
In summary, then, it may be noted that the mutation Ser364Pro is
present in five of the six patients in the heterotaxia group, and in none of the
49 non-heterotaxic samples sequenced. A second mutation, Glu352Gly, is
present in two patients. Two connexin43 mutations were identified in four of
the six patients.
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